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Summary 
This study examines the potential of the fungus Trichoderma harzianum (Strain T22) 
as a commercial bioremediation product. 
To quantify the potential of T. harzianum T22 as a degrader of pollutants, bioassays, 
quantitative gas chromatography and quantification of enzyme activity were carried 
out. 
T. harzianum T22 was shown to be tolerant to polycyclic aromatic hydrocarbons (at 
least up to 1,000 ppm) and cyanide. As phytoremediation is mediated by the plant, 
positive interactions of T. harzianum T22 with plants in contaminated soil would be 
beneficial. The effect of T. harzianum T22 on sunflower growth in the presence of 
organic contamination (creosote substitute - `creosote') and willow growth in metal 
contamination was therefore quantified. In `creocote'-contaminated soils, T. 
harzianum T22-treated sunflowers were 12-35% taller and produced 35-45% more 
biomass than non-inoculated plants. However, growth promotion induced by T. 
harzianum T22 was short-lived in `creocote'-contaminated soil. In metal- 
contaminated soils T. harzianum T22-treated willows grew 25% taller and produced 
40-60% more biomass than the non-inoculated controls. In an experiment conducted 
in non-contaminated soil, T harzianum T22-inoculated willows also produced plants 
that were 19% longer than those inoculated with a commercial mixture of 
ectomycorrhizal fungi (ECMF). 
Following on from T. harzianum T22's ability to promote plant growth in a variety of 
annual plants and willow saplings in a growth chamber, its effect on crack willow 
(Salix fragilis) and aspen poplar (Populus tremula) was investigated under field 
conditions. Trials were conducted showing brief periods of growth promotion in tree 
saplings when soil temperatures were high. T. harzianum T22 was shown to improve 
the survival of the trees by 20% compared to trees that were inoculated with ECMF. 
It was concluded that T. harzianum T22 shows potential in the stabilization of land 
through enhancing the establishment of trees thus stimulating phytoremediation of 
metal-contaminated soils. 
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1. Introduction 
1.1 Aims and Objectives 
Trichoderma harzianum strain T22 has been extensively studied for its growth- 
promoting and antifungal properties as well as its production of cell wall-degrading 
enzymes. The discovery that some Trichoderma strains can metabolize cyanide (Ezzi 
and Lynch, 2002; 2005a, b; Ezzi et al., 2003) and can degrade polyphenols (Harman et 
al., 2004c) suggests that T harzianum T22 may have potential in bioremediation and 
phytoremediation. The aim of this thesis was to investigate this potential with the 
following objectives: 
" To investigate the ability of T harzianum T22 to transform and metabolise a 
number of key compounds including PAHs, chlorinated compounds, nitroaromatics 
and cyanide using a range of techniques 
" To demonstrate the advantages of inoculating plants with T. harzianum T22 for 
purposes of phytoremediation and land stabilization. 
" To identify limitations of T harzianum T22 to show when/where the technology 
can be used by testing the efficacy of T. harzianum T22 at a range of temperatures 
and pollutant concentrations. 
" To determine the amount of T harzianum T22 needed for inoculation 
" To determine the effect of T. harzianum T22 on the growth of various plant species 
including trees. 
1.2 What is Bioremediation? 
Over the last one hundred and fifty years advances in industrial development and 
manufacturing have lead to extensive pollution of the natural environment with a great 
many toxic compounds. Many of these compounds will persist in the environment for 
many years to come. Some of these compounds also pose a direct risk to animal and 
human health if they enter the food chain or contaminate water supplies. It is thought 
that some three hundred and sixty thousand hectares of land are polluted in the UK 
alone involving one hundred thousand sites. This is equivalent tol. 3% of UK land 
surface (BBSRC report, 1999). 
1 
Conventional methods of remediating contaminated land have included 
incineration, landfill and a large number of physical and chemical extraction 
procedures. However, as environmental awareness increases, the legislation for 
treatment of contaminated land has become increasingly stringent. Disposal of 
contaminated soil into landfill has become less acceptable, more expensive and less 
practical. Methods that enhance the biological degradation of pollutants have gained 
therefore increasing popularity. 
Bioremediation is the use of microorganisms to eliminate (or to decrease to an 
acceptable level) the toxicity of pollutants in situ or ex situ by using the pollutants as 
carbon and/or nitrogen sources or electron acceptors to generate energy and biomass. 
Ideally organic compounds are totally metabolized and converted into carbon dioxide, 
water, methane and biomass but often compounds are metabolized into less 
toxic/mobile or more volatile intermediates that then may/may not be metabolized 
further by other microorganisms. Bioremediation is very attractive to owners of 
polluted sites as it provides (at least in theory) a cheap, on-site solution to their 
problem. In their review of bioremediation in 1999 a panel representing the BBSRC, 
EPSRC and NERC estimated the value of bioremediation to UK owners of 
contaminated land at six hundred million pounds over the next ten years in terms of 
reduced remediation costs. More recently, the bioremediation market has been 
estimated to be worth 25% of between five and seven billion dollars worldwide by 
2010 (MSI data report - Contaminated Land UK, 1999). 
The ability of microorganisms to metabolize various toxic compounds has been 
known about for decades. However, only in the last twenty years has the combined 
effects of plants and microbes to metabolize pollutants been considered (Kuiper et al., 
2004 and references therein). Phytoremediation is the term used to define the use of 
plants in bioremediation. The majority of work has focused on phytoextraction, which 
is the use of plants to extract the pollutants from the soil (usually metals) by 
accumulating them into their biomass. Plants are then harvested and treated elsewhere. 
This of course does not metabolize the pollutant. The recent interest has focused on the 
relationships between plant roots (the rhizosphere) and microorganisms where the 
metabolism of compounds occurs as opposed to plant hyperaccumulation (Kuiper et 
al., 2004). 
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1.2.1 Factors affecting Bioremediation 
As mentioned before, a multitude of factors will affect the success of 
bioremediation in the environment. Hence, knowledge is required in a number of 
subjects apart from microbiology. These include soil science, hydrogeology, 
engineering, various aspects of chemistry, ecology, biochemistry and toxicology to 
help create conditions that allow maximum bioremediation. 
If bioremediation is feasible it is useful to estimate the rate at which natural 
attenuation is occurring and identifying any major constraints. Calculation of the 
expressed assimilative capacity (EAC) will reveal how much of a pollutant has been 
degraded by comparing the concentrations and oxidation states of electron acceptors 
such as ferric iron and concentrations of degradation products of the pollutant in and 
outside the contaminant plume. Other methods of measuring the rate of 
bioremediation include: determining the rate and quantity of carbon dioxide production 
in the plume, assays that measure anabolic enzyme activity, measurements of rate of 
degradation of 14C - labelled compounds by measuring the production of labelled CO2 
and cell numbers of specific degraders. More specific and more useful methods include 
assaying for specific catabolic enzyme proteins, PCR amplification of catabolic 
enzyme genes (to give the potential for degradation) and RT-PCR amplification of 
specific mRNA transcripts that encode for proteins associated with degradation of 
specific compounds giving a direct measure of current activity (Widada et al., 2002). 
Whereas such measurements are useful in controlled systems, they are often not easily 
performed in situ in a contaminated soil (Brockman, 1995). 
The identification of environmental toxicity can be effectively achieved using 
the lux gene system coding for the enzyme luciferase (Paton et al., 1995; Boyd et al., 
1997). The gene can be inserted into a microorganism (usually a bacterium) into part of 
the genome coding for genes that represent the overall level of gene expression for the 
entire cell such as respiratory genes. The cells are then resuspended in soil and water 
samples and the higher the light output, the higher the genetic activity and hence the 
less toxic the conditions. If light output is low then toxic constraints exist. These can be 
identified in three stages. Firstly, samples are subjected to nitrogen sparging to remove 
all volatile organic compounds (VOCs). The genetically-modified (GM) 
microorganisms are then returned to the samples. If light output is high then VOCs are 
the constraint. If the light output remains low then samples are placed in a muffle 
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furnace at six hundred degrees centigrade to remove the non-volatile organics. Samples 
are then re-inoculated with the GMs. A high light output identifies non-VOCs as the 
constraint. If light output remains low the pH is adjusted to examine whether adverse 
pH is the constraint. This system can identify a combination of constraints too by 
quantitative measurement of light output and can be used to identify possible 
approaches for bioremediation implementation. The most widely used system based on 
bio-luminescence is probably the Microtox® system. 
Other constraints to bioremediation fall into two categories but there is 
considerable overlap between them. These are growth constraints and bioavailability 
constraints. Growth constraints (apart from those created by the pollutants themselves) 
include lack of oxygen, nutrients, electron acceptors, and trace elements. This is not 
only a question of quantity (as they can easily be added) but of distribution throughout 
the plume. Often it occurs (due to the nature of the soil) that these are in pockets (i. e. 
high quantities in some areas, absent in others). This means that microbial activity 
occurs unevenly throughout the plume and hence, bioremediation only occurs in 
pockets too. 
The structure and texture of the soil (percentage clay, silt and sand, pore size, 
organic matter and water content) will affect the diffusion of oxygen as well as the 
transport of water, nutrients, electron acceptors and microbial cells. Therefore, soil 
structure and texture will also affect microbial activity. Hence, consideration of soil 
structure and texture is a very important factor affecting bioremediation. Sandy soils 
have larger particle sizes meaning that water, oxygen and various other compounds 
including microbial cells diffuse more readily throughout the soil. However, this soil 
has the disadvantage of becoming too dry for microbial survival. On the other hand, 
clay soils have a large proportion of very small particles (2µm diameter) and hence 
diffusion is very restricted but desiccation does not occur. Clearly though, most soils 
have a diverse mixture of clay, silt and sand and it is those that are less heterogeneous 
(i. e. less variable in composition) in which bioremediation is easier to implement. The 
structure of soil also affects diffusion by the multitude of charge interactions that occur 
between organic matter, microbial cells and other organic/inorganic compounds. 
Contaminated soils are often very compacted as a result of low biological activity 
meaning diffusion of water and gases occurs less readily. Morra's review (1996) 
demonstrates how soil structure has a marked effect on microbial survival, the 
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contaminants themselves and bioavailability (discussed later). An understanding of soil 
conditions is therefore, vitally important if a bioremediation strategy is to be 
successful. 
Oxygen is used rapidly by microorganisms during pollutant degradation and 
often becomes limiting, as it cannot diffuse at a fast enough rate to the locations where 
it is required, especially if the soil is water-logged. Oxygen can be injected into the soil 
or added in the form of calcium, hydrogen or magnesium peroxide to provide the 
required oxygen. Degradation rates have successfully been increased using these 
methods. A lack of carbon and nitrogen sources as well as a source of phosphorus have 
been implemented as limiting factors for effective bioremediation. Nitrate can be 
added to the soil providing microorganisms with an important electron acceptor. It 
spreads readily throughout the plume due to its solubility in water. 
Microorganisms will always utilize the "easiest" nutrient source first 
(preferentially over one that is harder to metabolize) so it is important to ensure that an 
"easier" alternative is not provided continuously in favour of the pollutant (although 
providing it initially to build up biomass maybe desirable). This point demonstrates the 
value of knowing the mechanism of degradation. Unfortunately, our knowledge in this 
area remains limited for many pollutants such as the high molecular weight polycyclic 
aromatic hydrocarbons (PAHs). 
Importantly, for a mixture of pollutants (almost always the case in polluted 
environments) one set of conditions will not be suitable to degrade every contaminant 
present. Therefore, a step-by-step strategy to sequentially remove pollutants is 
probably the most effective method where VOCs can be removed followed by aerobic 
metabolism of compounds such as low molecular weight PAHs and finally anaerobic 
metabolism of compounds such as polychlorinated biphenyls (PCBs). The conditions 
can be altered/optimized at each stage (by adding different electron acceptors, co- 
metabolites or microorganisms) to promote degradation of different groups/classes of 
compounds. This is far easier to implement in an ex situ (bioreactor) system. 
Other factors that can constrain bioremediation include lack of available 
moisture, low pH (that effects charge interactions and metal availability), low 
temperatures, and high salinity. All of these factors need to be considered and altered 
to create conditions that allow optimal degradation of the pollutants present. 
Another important potential constraint is an absence (or more likely) an 
insufficient number of competent degraders. (There will always be some - most novel 
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degrading microorganisms are isolated from sites where the pollution exists). 
Bioaugmentation is the addition of microbes artificially into an environment. The 
success of bioaugmentation has been very limited due to poor microbial survival. They 
are often out-competed by native microorganisms as they better suited to survive and 
grow in the conditions than those added artificially. Even attempts to introduce 
genetically modified microorganisms (GMM) have had only moderate success and 
hence, bioaugmentation is rarely employed for in situ soil treatments but is used ex situ 
(bioreactor) and for water treatments where the conditions are easier to control. 
1.3 Bioavailability 
The term bioavailability refers to whether the microorganisms (or plants - 
"phytoavailability") have access to the pollutant (i. e. often although the pollutant is 
undoubtedly present it cannot be utilized by living organisms). This can occur through 
strong adsorption of the pollutant to soil or organic particles, low water solubility of 
the pollutant, its presence in a non-aqueous phase-liquid (NAPL) or because the 
pollutant is trapped in micropores where they are not accessible to microbial cells. 
Therefore, the pollutant is unavailable to microorganisms and is not degraded. This 
raises the question "if the pollutant is not available then it is not toxic and therefore is 
there a need to remediate at all? " However, the understanding of bioavailability is 
limited (despite much recent interest and work as its validity has been realized). Hence, 
pollutants that are not bioavailable now may become so in the future after an 
environmental change. The toxicity may then increase and the pollutant may become 
mobile, endangering the food chain and water supply as it spreads. It is therefore 
desirable to understand the factors involved in bioavailability so they can be 
manipulated to maximize the effectiveness of bioremediation. 
One of the most influential factors effecting bioavailability is the amount of 
adsorption of contaminants to soil particles. This is clearly linked to soil type. Clays, 
humic substances, oxides and hydroxides of Fe and Mn and organic matter will adsorb 
contaminants more readily than sand or silt (Ward, 2000). Charge interactions will 
affect adsorption as all surfaces have a charge that will interact with charged pollutant 
and metal compounds. Biophysiochemical factors such as pH, redox potentials and 
temperature also determine the degree of adsorption (compounds, especially metals 
being more mobile at lower pHs). Transfer rates are vital if a compound is to be 
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bioavailable. This means that a compound must transfer to the site of microbial activity 
at a rate suitable for microbial function. If this is too slow the microorganisms cannot 
gain enough energy to justify the energy required to express the relevant degradative 
genes and the production of the enzymes they encode for. If transfer is too fast then the 
concentration will build up, as the microorganisms cannot degrade it fast enough and 
in time it will reach toxic concentrations (Shor and Kosson, 2000). Another factor that 
influences bioavailability is the age of the pollution. It is widely accepted that the 
longer a contaminant has been present the less bioavailable it is and hence the less 
bioremediation will occur in a given time compared to a contaminant that has entered 
the environment only recently (Scribner et al., 1992). The less water-soluble a 
contaminant is then generally the more adsorption will occur. Hence, water-soluble 
contaminants are more bioavailable to microbes and plants and are degraded more 
readily as they transfer easier. 
Hydrogen and ionic bonds that occur between soil particles/organic matter and 
contaminants are reversible. Covalent bonding is much more permanent as the 
chemical form of the molecule is changed (Shor and Kosson, 2000). Hence, the type of 
bonds which form between soil particles/organic matter and contaminants influence the 
degree of adsorption. Water content will affect the degree of adsorption by acting as a 
solvent, transporting compounds by capillary action and competing for bonding sites 
on particle surfaces. As bioavailability is affected by the transport/diffusion rate it is 
likely that large or highly branched/substituted molecules will be less bioavailable as 
they pass through the soil at a slower rate. Also, branched or complex molecules that 
have multiple numbers and types of functional groups will react more readily with 
organic matter and will become less bioavailable as they are held by multiple numbers 
of bonds in multiple locations (Shor and Kosson, 2000). Brusseau and Rao (1991) 
showed how the rate of adsorption is strongly correlated to molecular complexity 
(especially large, polar pesticides). They also showed that the mobility of large polar 
pesticides was much slower than smaller, less reactive molecules. This was thought to 
be due to a decreased diffusion rate. 
Once a contaminant has become adsorbed to clays or organic matter the 
bond(s) need to be broken if it is to become mobile and available again. The strength of 
the bond will depend on the properties of the soil/organic matter and the contaminant 
(Shor and Kosson, 2000). Byrne (1991) also states that ionic strength, pH, mineralogy 
and coatings of organic matter by inorganic metal oxides will affect the strength of 
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these bonds. Stapleton et al. (1994) demonstrated a three-fold decrease in adsorption of 
pentachlorophenol when the pH rose from pH 4 to a pH of 8.5. Knaebel et al. (1996) 
studied the effects of mineralogy on bioavailability of surfactants. They found that the 
most reactive minerals with the largest surface area (smaller particle size and more 
internal micropores are generally unavailable to microorganisms) and most external 
binding sites had the strongest effect on reducing bioavailability. If the sorptive bonds 
cannot be overcome (i. e. dissolution is not occurring) irreversible adsorption occurs. 
There is disagreement amongst researchers whether or not a contaminant has to 
be dissolved in water to be bioavailable or whether microorganisms can utilize them 
directly off surfaces. However, solubility and dissolution rates undoubtedly affect 
bioavailability (Shor and Kosson, 2000). Hydrophobic, less water-soluble molecules 
sorb more strongly and readily than hydrophilic molecules. 
1.3.1 Use of Surfactants to increase Bioavailability 
Attempts have been made to increase the bioavailability of hydrophobic 
compounds by using surfactants. Results have been extremely varied with positive, 
negative and neutral effects reported depending on the hydrophobicity of the 
compound(s), the surfactant itself and the concentration used, the soil conditions and 
the experimental design (Shor and Kosson, 2000). Reasons for negative effects 
include: (1) The surfactant is toxic to the microbial population or (2) the 
microorganisms utilize the surfactant as a carbon source instead of attacking the 
pollutant. Efroymson and Alexander (1991) also add that surfactants can disrupt cell 
membranes and reduce bacterial adhesion at the site of microbial attack. Surfactants 
that do enhance bioavailability are thought to do so by increasing pollutant dissolution 
(Aronstein and Alexander, 1992). However, positive effects have been seen without 
this observed increase in dissolution rate. Hence, surfactant-enhanced bioavailability 
maybe attributed to the surfactant acting as a co-substrate, increased aqueous phase 
contaminant concentration and/or increased transfer of the contaminant across 
microbial membranes (Shor and Kosson, 2000). It is important to note that the mobility 
of contaminants must be controlled so that they do not spread off site (Morra, 1996). 
Microorganisms produce a range of biosurfactants, the composition and 
quantity of which is dependent on growth conditions (Maier, 2000). A list of the 
biosurfactants produced by microorganisms is provided by Rosenberg and Ron (1996). 
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Bacteria are thought to produce surfactants for two reasons: Firstly to increase the 
surface area of the contaminant so there is more space for attachment and growth. 
Secondly, to "desorb" the bacteria from "used" particles (Rosenberg and Ron, 1996). 
Bacteria have to join to the water/contaminant interface to utilize the contaminants, as 
the oxygenase enzymes involved are membrane-bound. Fungi produce some of their 
oxygenases extracellularly and hence do not need to attach to the pollutant surface. 
This is a potential benefit of fungi over bacteria for bioremediation. The use of 
biosurfactants produced commercially for bioremediation has not yet been attempted, 
but inoculation with bio-surfactant - producing microorganisms has been done 
(Pritchard, 1992). The low toxicity, high biodegradability and potential in situ 
production (Maier, 2000) of bio-surfactants could have advantages over conventional 
chemical surfactants (Rosenberg and Ron, 1996) in that they will not cause microbial 
death through toxicity and can be produced precisely where required instead of relying 
on diffusion through the soil to pockets of contamination. However, bio-surfactants 
would have to be produced in very large quantities. Admassu and Korus (1996) state 
that 2% surfactant solutions are often required to remove high percentages of 
recalcitrant, hydrophobic compounds. Another potential problem with bio-surfactants 
is that there is evidence that bio-surfactants maybe specifically benefiting specific 
bacteria. That is, they will promote the activity of the species producing the bio- 
surfactant but inhibit other microbial species (Maier, 2000). If in situ bio-surfactant 
production is to be stimulated an understanding of the environmental and nutritional 
factors that stimulate bio-surfactant production by microorganisms is required (Maier, 
2000). 
The concentration of surfactant added to soil is of vital importance and must be 
considered carefully. Concentrations below the critical micelle concentration (CMC) 
result in an even distribution of surfactant molecules throughout the soil, while 
concentrations above the CMC result in the formation of micelles. Contaminants 
contained in micelles are thought not to be bio-available (Laha and Luthy, 1991; 
Volkering et al., 1995; Jimenez and Bartha, 1996). 
Mueller et al. (1996) discussed how microorganisms adapted to surfactants 
could enhance biodegradation in surfactant concentrations up to 2%. They also made 
the point that biodegradation can be significantly enhanced at concentrations much 
lower than 2%. 
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It is important to realize that, despite some reported successes with surfactants 
particularly on the laboratory scale, that surfactant use at field-scale has been met with 
limited success (Mueller et al., 1996). However, some successful ex situ soil washing 
processes and bioreactor systems have been developed that employ surfactants (Balba 
et al., 1991). Another way to desorb contaminants from soil particles is via the use of 
solvents. Solvents can be used to extract contaminants from soil with high levels of 
efficiency (80-99%). The concentration required however, to achieve this success is 
often toxic to microorganisms (Unterman, 1996; Shor and Kosson, 2000). 
Biosurfactants, bioemulsifiers and chemical surfactants have all been shown to 
promote metal desorption from soil particles (Roane et al., 1996). 
An important factor that determines bioavailability of contaminants is the organic 
matter content of the soil. Organic matter is a highly reactive fraction of the soil and 
makes up between 0.5 and 5 percent in most soils. Both organic matter and clay 
decrease the bioavailability of metals as well as organic contaminants. A decrease in 
pH generally increases metal bioavailability by increasing their solubility (by replacing 
the metal cations with hydrogen ions). This decrease in pH is often achieved by plant 
exudates or microbial activity. Hence, metals are easier made bioavailable than organic 
contaminants (Roane et al., 1996). 
One of the difficulties posed by bioremediation is the requirement to remove all 
(or as much as possible) of the contaminant. It often occurs that a contaminant will be 
degraded successfully to a specific level beyond which no further degradation will 
occur. This can leave a significant fraction remaining in the soil that is apparently not 
bioavailable. Mihelcic and Luthy (1991) propose a mechanism to help explain this 
observation. Beside the fact that pollutants are adsorbed into micropores and the fact 
that irreversible sorption increases with time, they state that the initial degradation rate 
is proportional to the aqueous solubility of the contaminant (and hence the amount in 
the aqueous phase) and the size of the competent, degradative microbial population. As 
the aqueous contaminant is degraded a concentration gradient forms between soil and 
water. Contaminants that will readily desorb enter the aqueous phase until none is left. 
This leaves highly sorbed contaminant in the soil and very little contaminant that will 
desorb readily. The gradient then becomes very shallow due to the very slow diffusion 
rate of the contaminant. When transport is the limiting factor, very little (if any) 
degradation occurs. In theory, surfactants can speed up desorption and transport and 
hence, re-establish the concentration gradient. With this in mind surfactants should 
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perhaps be used to increase bioavailability of persistent contaminants or be added 
towards the end of a degradation cycle to make the small, "left over" fraction more 
bioavailable. When degradation is readily occurring, adding a surfactant may further 
increase transport and desorption resulting in pollutant concentrations in the aqueous 
phase that are toxic to the microorganisms. 
Diffusion rates will be dependent on pore size (the smaller the pore the slower 
the diffusion rate), pore shape and water content of the soil. A high water content will 
decrease diffusion by filling pores and preventing the transport of the contaminant. 
Drying of the soil will shrink clay and organic matter, which will produce a more 
compact structure thus trapping the contaminants more effectively. Hence, although 
the surface area is decreased diffusion in dry, more compact organic matter will be 
slower. Decreasing the number of water molecules present leaves more hydrogen 
bonding sites available to bind the contaminants (water competes for these sites) this 
will further decrease diffusion (Graber and Borisover, 1998; Shor and Kosson, 2000). 
Apart from bacterial proximity and a high transport rate other desirable factors 
exhibited by bacteria for enhancing bioavailability include: being reversibly adhered to 
a solid interface; this allows utilization of a desorbing substrate (ensuring a 
soil/aqueous phase gradient is maintained), enhanced nutrient availability, high activity 
rates (a rate of contaminant utilization close to the desorption rate is ideal) and the 
ability to move to a more favourable environment if necessary. Also the ability to 
produce biosurfactants and bioemulsifiers, as discussed earlier is advantageous. A 
number of other factors related to cell size and cell properties are important as well. A 
small cell that can access smaller pores is desirable; a hydrophobic cell surface will 
bind more effectively to contaminants (therefore extracellular proteins and lipids are 
important). The presence of fibrils, fimbriae and outer membrane systems will also aid 
binding and utilization of the contaminant. 
Most microorganisms exist in biofilms in the natural environment. This may be 
beneficial to bioremediation due to increased metabolic diversity (ability to metabolize 
a wider range of contaminants), increased availability of nutrients and better 
survivability of the organisms within the biofilm. As explained, due to soil factors and 
the wide variety of techniques used to extract soil contaminants, the extractable 
pollutant concentrations are not equal to the bioavailable fraction (Maier, 2000). 
However, it may give an approximate indication of how much is present. A more 
sensitive method for determining bioavailability are bio-sensors based on the lux gene. 
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These systems have been developed to detect the bioavailability of a wide range of 
organic contaminants and also metals such as mercury (Selfinova et al., 1993). Assays 
that measure real - time gene expression using mRNA also give an indication of 
bioavailability as the biodegradation level (and hence the gene expression level) is 
dependent on bioavailability (Maier, 2000). The gene expression level of indigenous 
microorganisms can be measured by mRNA assays (gene probes and RT-PCR) 
whereas lux can only be used with GM microorganisms (unless Vibriofisheri is used). 
Steam injection to enhance the removal of contaminants such as oil has been 
investigated by Dablow et al. (1995). They discovered that steam injection followed by 
nutrient addition (to resuscitate microbial numbers killed by an excess increase in 
temperature) could be effective by increasing the bioavailability of the oil and 
increasing microbial activity due to the higher resultant temperatures. 
1.4 Bioremediation Strategies 
This section briefly describes the practical approaches used when attempting to 
use bioremediation to clean up polluted sites containing contaminated soil and/or 
groundwater. There are essentially five approaches to bioremediation. These are ex situ 
bioreactors, landfarming, composting, solid phase treatment and in situ treatment. 
Bioreactors are often used for treatment of contaminated groundwater and 
liquids or soils (in the form of slurries) in instances when in situ bioremediation is not 
feasible (due to geological conditions, concentrations of pollutants, time constraints, 
etc). It has the advantage that almost all variables can be accurately controlled and 
monitored (e. g. nutrient concentration, oxygen levels, pH etc... ) meaning that 
bioremediation is often fast and efficient in these systems. This approach can be 
expensive due to the cost of the machinery, transport, construction, running, 
maintenance and the need to pump the water out of the ground or excavate the soil. 
Landfarming is a process where contaminated soil is spread on farmland and 
then fertilized, cultivated and ploughed as if it were being prepared to grow crops. 
Landfarming is a cheap and effective method for the remediation of petroleum- 
contaminated soil and other readily degradable contaminants (Crawford, 1996). Care 
must be taken to ensure more toxic contaminants that result from the partial 
degradation of the primary pollutants are not produced when using this method. The 
treated soil must also be contained so contaminants do not spread off site and 
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contaminate more soil and water. This requires an impermeable layer or barrier below 
the contaminated soil. 
Solid phase treatment involves the excavation of the contaminated soil and 
placement into a lined pit with the ability to collect the leachate and volatile 
compounds (Crawford, 1996). Water, nutrients, oxygen and sometimes 
microorganisms are added and these are percolated through the pile stimulating natural 
bioremediation processes. The addition of fungi on woodchips to degrade xenobiotics 
uses this particular method. 
Composting is similar to solid phase treatment except that organic matter is 
added and the system is covered to raise and control the temperature to suit the 
indigenous pollutant-degrading microbial populations. This process is labour-intensive, 
as regular turning of the pile is required. The full potential of this relatively new 
technique (for the purposes of bioremediation) is yet to be realized. 
In situ treatment is on-site treatment of contaminated soil and/or groundwater 
that saves money, as transporting the soil to another site is not required. The aim of the 
process is to stimulate the indigenous microbial populations by studying the site and 
optimizing conditions by the addition of oxygen (or a variety of peroxides) to the soil 
or groundwater (processes known as bioventing and biosparging respectively). 
Nutrients in the form of gaseous ammonia (to add nitrogen) and phosphorus can be 
added to stimulate microbial growth and specific carbon sources can be added to 
stimulate co-metabolic processes. Alternative electron acceptors, such as nitrate, and 
microorganisms can also be added. This method has great potential due to the low cost 
and convenience of not having to excavate the site. This also decreases the potential 
problem of causing contamination elsewhere. As discussed, this method is also the 
most difficult to implement successfully due to the multitude of potential constraints. 
Despite the difficulty and relatively low number of successful strategies, in situ 
bioremediation is receiving a great deal of interest and the technology is developing 
rapidly. New developments include the use of microbial cells as barriers on the edge of 
the site to prevent further spread of the contaminants (see Valdes, 2000) while other 
studies are examining the use of anaerobic microbial populations, that are capable of 
degrading highly chlorinated compounds. Other developments include techniques that 
improve the spread and transport of microorganisms through soil and the spread of 
nutrients through aquifers, as is the use of GM microorganisms. 
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Attempts have been made to introduce GM microorganisms with various 
degradative genes into bioremediation systems. These attempts have often been 
unsuccessful as the GM microorganisms are out-competed by native microorganisms. 
This is less of a problem in ex situ systems where conditions can be monitored and 
controlled more closely, but it is a major problem in in situ systems. If the problem of 
competition by native microorganisms can be solved, GM microorganisms could offer 
great potential to enhance bioremediation, as a variety of genes involved in pollutant 
degradation can be combined in a single organism allowing treatment of sites with 
unique combinations of pollutants. "Many of the degradative genes responsible for 
xenobiotic metabolism are present on plasmids, transposons or are grouped in clusters 
on chromosomes. This provides clues to the evolution of degradative pathways and 
makes the task of genetic manipulation easier. Several enzymes involved in xenobiotic 
metabolism have been isolated and factors affecting their activity investigated" 
(Singleton, 1994). However, in most countries the regulatory barriers to the use of GM 
microorganisms make the cost of their registration prohibitive. 
1.5 The role of Fungi in Bioremediation 
A huge diversity of fungal species exist in soil. The most widely studied group 
of fungi in this field are the white rot fungi (WRF) and mycorrhizal fungi. WRF are 
saprophytes and powerful degraders of wood. They produce a range of extracellular 
oxidative enzymes capable of degrading lignin and humic acids (Barr and Aust, 1994) 
including lignin peroxidase and manganese peroxidase. These enzymes degrade 
aromatic polymers but are not very substrate-specific meaning that they will oxidise 
aromatic pollutants. The extracellular production of these enzymes means that they 
can diffuse through the soil increasing the volume of polluted soil exposed to the 
enzymes (Meharg and Cairney, 2000). The extracellular production of these enzymes 
also means that fungal hyphae do not need to come into physical contact with the 
pollutant and hence can avoid toxicity at higher concentrations (Meharg and Cairney, 
2000). 
Ectomycorrhizal fungi (ECMF) are symbionts of plant roots and have also been 
shown to produce extracellular organic pollutant-degrading enzymes (Meharg and 
Cairney, 2000). Lignin peroxidase has not been shown in ECMF but manganese 
peroxidase activity has been demonstrated for ECMF (Chambers et al., 1999). These 
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oxidative enzymes are capable of the oxidation of phenols, and the demethylation and 
cleavage of aromatic rings. This makes them very useful tools in bioremediation 
(Meharg and Cairney, 2000). These authors also suggest that ECM fungi express these 
enzymes intracellularly as well to allow intracellular PAH transformation. However, 
this is yet to be demonstrated. 
The exact contribution of fungi when grown in association with plant roots is 
difficult to determine as the microbial community structure around the rhizosphere 
alters with ECM formation. Therefore, it is difficult to say which microorganism is 
doing what, expressing which enzyme etc. This means that information on the 
degradative pathways performed by these fungi is limited. It is likely that the success 
of this system is a combination of the ECM, the plant and other soil microorganisms 
thriving in the rhizosphere environment. Meharg and Cairney (2000) present a table in 
their review showing the degradative capabilities of known ECM fungi. This table 
shows a wide range of PAHs, PCBs (polychlorinated biphenols) and nitroaromatics 
that can be degraded. Given that there are many undiscovered ECM fungi, the potential 
degradative power of fungi is enormous. These authors further suggest that ECM fungi 
remove the need for co-substrates as these fungi provide the initial degradative steps 
allowing bacteria to then fully metabolize the compounds. 
Recently arbuscular mycorrhizal fungi (AMF) which, unlike ECM cannot be 
cultured artificially, are receiving attention for their ability to mediate metal uptake 
into plants (Oliveira et al., 2001; Gonzalez-Chavez et al., 2002a, b) and for their 
effects on accelerating organic pollutant degradation in soil (see rhizosphere 
remediation section). 
1.5.1 Fungal degradation of Polycyclic / Polynuclear Aromatic Hydrocarbons 
(PAHs) 
PAHs consist of two or more fused benzene rings which are thermodynamically 
stable and exhibit low aqueous solubility. This means that they adsorb strongly to soil 
particles, which decreases their bioavailability. Hence, they persist in the environment 
without much chemical alteration. They originate from spillageldumping of petroleum 
and its products, coal tar and creosote (Muller et al., 1996). Secondly, they are derived 
from incomplete combustion of wood, petrol products and industrial/municipal waste. 
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They are also present naturally in the environment as components of natural waxes in 
various plants, cuticles of insects and microbial lipids (Millero and Sohn, 1991). 
It is now widely accepted that many fungi are capable of oxidizing PAHs via a 
membrane-bound, multicomponent cytochrome P450 monooxygenase that exhibits 
wide substrate specificity. As a result, arene oxides are formed that are unstable and 
undergo enzymatic hydration to trans-dihydrodiols or undergo non-enzymatic 
rearrangement to phenols. Other microorganisms can then fin ther metabolize these 
components. Very few fungi can metabolize these compounds to carbon dioxide and 
water. Most fungi co-metabolize these compounds to less toxic products and do not 
utilize them as a carbon source (Cerniglia et al., 1985). 
Under non-ligninolytic conditions WRF behave in the way described above but 
under ligninolytic conditions peroxidases are produced that oxidize PAHs to form 
quinones that subsequently undergo ring fission. In general it can be said that the 
higher the molecular weight of the PAH, the slower its degradation by fungi. This is 
thought to be due to the low solubility and bioavailability of the larger PAHs 
(Aronstein et al., 1991). The most widely studied WRF is Phanerochaete 
chrysosporium, which has been shown to oxidize the majority of PAHs with 2-5 rings. 
May et al. (1997) demonstrated the ability of P. chrysosporium to catalyze the 
polymerization of PAHs in soil, which resulted in a decrease in toxicity. 
Joner et al. (2001) provided some of the first evidence that plant - mycorrhizal 
associations can aid PAH degradation. They demonstrated 66% and 42% reductions of 
500ppm chrylene and 50ppm dibenzo(a, h)anthracene respectively with mycorrhizas 
grown with clover and ryegrass compared to 56% and 20% reductions in controls. 
1.5.2 Chlorinated Phenols (CPs) 
Chlorinated phenols are common pollutants of wood preservation sites as they 
are used to treat timber. They are also pollutants of soil and water due to their use in 
the production of herbicides. 
The WRF P. chrysosporium partially mineralizes a number of CPs under nutrient- 
limiting conditions when it expresses lignin and manganese peroxidases. This attack is 
non-specific due to the broad substrate specificity of these peroxidases. Bollag (1992) 
showed that microorganisms capable of extracellular oxidoreductase expression can 
bind CPs to natural humic acid precursors in soil. This immobilizes CPs and prevents 
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biological interaction (that decreases movement and toxicity) but does not degrade or 
remove them. WRF have been used to remove CPs in bioreactors. The success of the 
process is proportional to the lignin peroxidase activity and hence Lewandowski et al. 
(1990) (using P. chrysosporium) found immobilized fungus worked better when an 
additional carbon and energy source and a low pH was used. They noted that 
extracellular enzymes are lost in the effluent and suggested to use wood chips to act as 
a carrier and co-substrate. 
1.5.3 Nitroaromatics 
Nitro- and amino-substituted compounds are toxic and recalcitrant. 2,4,6 
trinitrotoluene (TNT) and trinitrophenol are two of the most common and pose a 
serious problem. This pollution stems from the production and transport of explosives, 
military activities and the disposal of old munitions (Funk et al., 1996). Until recently 
incineration was used to dispose of nitroaromatics, but due to the cost, new methods 
for disposal are being sought. Tan et al. (1992) demonstrated that the number of 
substituted nitro groups and the position of the nitro group determine the mutagenic 
activity of TNT. La and Froines (1993) showed that toxicity and carcinogenicity is 
related to the degree of reduction of the amino substituent. Nitro, nitroso and 
hydroxylamino groups disrupt DNA and form adducts giving rise to toxic and 
carcinogenic effects. The fully reduced aminosubstituents are not toxic or 
carcinogenic. 
Other nitroaromatic compounds are used in the synthesis of herbicides, 
insecticides, pharmaceuticals and polyurethane foams (Esteve-Nunez et al., 2001). 
TNT is the biggest problem and is more recalcitrant due to the symmetrical 
arrangement of the nitro groups on the aromatic ring giving it a very stable chemical 
structure (Rieger et al., 1999). This limits the attack by oxygenase enzymes. 
Pseudomonas spp. and fungal strains have been shown to utilize TNT as a source of 
nitrogen under aerobic conditions (Duque et al., 1993; Boopathy and Kulpa, 1994; 
Jones et al., 1995; Stolpmann et al., 1999). This is thought to involve removal of the 
nitro groups and conversion of the nitrite to ammonium (Esteve-Nunez et al., 2001). 
Mineralization of TNT by the basidiomycete, P. chrysosporium has been widely 
studied. Once again, the system involves the extracellularly excreted lignin-degrading 
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enzymes lignin peroxidase, manganese peroxidase and other oxidases and reductases 
under conditions where carbon, nitrogen or sulphur are limited (Stahl and Aust, 1995). 
Initial degradation steps involve the reduction of the nitro groups to reduce TNT to a 
mixture of aromatics and azotetranitrotoluenes (Parrish, 1977). These compounds can 
subsequently be mineralized under ligninolytic conditions (Esteve-Nunez et al., 2001). 
Stahl and Aust (1993) provided evidence that initial TNT reduction occurs via a 
plasma membrane-associated redox system used to maintain extracellular pH. They 
state that for TNT reduction to occur the mycelia had to be viable as various fungicidal 
compounds inhibited the process. 
Further metabolism of TNT only occurs under ligninolytic conditions 
suggesting the involvement of lignin and manganese peroxidase as well as other 
enzymes needed for lignin oxidation. The mechanism of this further metabolism is 
currently unknown. Hydroxylaminodinitrotoluenes have been shown to inhibit lignin 
peroxidase activity (Bumpus and Tatarko, 1994; Michels and Gottschalk, 1994) and 
therefore, it is undesirable for these compounds to accumulate during TNT 
degradation. Despite its degradative abilities, P. chrysosporium is not a good candidate 
for bioremediation of TNT because its activity is inhibited above concentrations of 
20ppm TNT which is far lower than the concentrations at TNT-polluted sites. 
Other fungi expressing manganese peroxidase have been shown to attack, 
transform and partially mineralize TNT and its reduction products. Species include the 
WRF Nematoloma frowardii, the litter decaying fungus Stropharia rugosoannulata 
(Scheibner et al., 1997a) and Phlebia radiata (Van Aken et al., 1999a, b). Van Aken et 
al. (2000) also demonstrated that addition of reduced glutathione and cysteine 
enhanced TNT transformation and mineralization by stimulating manganese 
peroxidase activity. 
Cladosporium resinae and Cuninghamella echinulata have been shown to 
tolerate high concentrations of TNT and to reduce it to azooxytetranitrotoluenes 
(Bayman and Radkar, 1997). Because no further mineralization of this product occurs, 
the authors suggested using these fungi to transform TNT and P. chrysosporium to 
mineralize it further. This would speed up the whole process and protect P. 
chrysosporium from toxicity caused by hydroxylaminodinitrotoluenes. S. 
rugosoanulata and Clitocybula dusenii are leaf litter and wood decaying fungi 
respectively. Scheibner et al. (1997b) and Van Aken et al. (1999a) demonstrated the 
ability of these fungi to transform and mineralize TNT under ligninolytic conditions. 
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These microorganisms do not live in soil though and hence, are unlikely to be useful in 
bioremediation. 
1.5.4 Chlorinated Aliphatics 
Chlorinated aliphatics are widely distributed in nature. Soil fungi produce 
chloromethane naturally. Industrially produced compounds include 
chloroalkanes/alkenes and chlorinated cycloaliphatics. They are used as solvents due to 
their reactive inertness; they are easily evaporated and exhibit low toxicity (Wackett, 
1996). Examples include dichloromethane, trichloroethylene, tetrachloroethylene and 
1,1,1 trichloroethane. Chloroform and carbon tetrachloride usage has decreased since 
the demonstration of their toxicity and carcinogenicity. Other chlorinated aliphatics 
include the now redundant CFCs (chlorofluorocarbons) and cycloaliphatics once used 
as pesticides. Due to their chemical inertness they persist in the environment (the more 
chlorine substitutions, the more persistent). Chlorinated aliphatics are found as 
pollutants in soil and groundwater and not just at sites of production, usage, storage 
and disposal but all over the world due to their volatility (Wackelt, 1996). These 
compounds become toxic by mammalian activation caused by cytochrome P450 
monooxygenases (Wackett, 1996). These monooxygenases chemically alter these 
compounds by addition of oxygen molecules into the structures. This produces reactive 
intermediates that are toxic and carcinogenic as they react with DNA (they become 
alkylating agents). 
Chlorinated aliphatics can be metabolized aerobically or anaerobically as a sole 
source of carbon and energy by microorganisms expressing various monooxygenase 
enzymes. Aerobic metabolism has received the most attention for the purpose of 
bioremediation. Many monooxygenases have a broad substrate specificity and thus 
fortuitously oxidize these compounds. The level of expression of these 
monooxygenases determines the rate of chlorinated aliphatic metabolism. As fungi 
express these enzymes extracellularly at high levels this makes them good candidates 
for bioremediation of chlorinated aliphatics. (Wackett, 1996). 
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1.5.5 Cyanide 
Cyanide exists in three forms in the environment: free cyanide (HCN), as salts 
(KCN) and in complexed form usually with metals. Cyanide is toxic as it inhibits 
respiration and cellular metabolism. Cyanide is toxic to a wide range of 
microorganisms as well as to animals and humans. 
Cyanide is present in the environment through natural production by various species of 
algae, bacteria, fungi and plants. Cyanide is thought to be produced in small quantities 
by these organisms as a defence mechanism against parasitism and so help in the 
competition for food sources. By far the most significant input of cyanide into the 
environment is through pollution caused by industrial activity. Cyanide-polluted soil 
and groundwater occurred mainly at gasworks sites during the previous century when 
town gas was produced. Cyanide is also produced during electroplating of metals, 
mining of metal ores, burning of plastics (through incomplete combustion), via 
petrochemical emissions, during production of chemicals, pharmaceuticals, paints, 
pesticides and synthetic fibres. The dyeing and photographic industries also produce 
cyanide-containing wastes, as do producers of fumigants, herbicides and insecticides. 
Most cyanide exists in a complexed form that can however be transformed to 
form free cyanide which poses a significant health risk. A small number of bacterial 
species and a wider range of fungal species have been shown to be able to utilize 
cyanide as a sole carbon and/or nitrogen source. The cyanide is converted to formate 
and then carbon dioxide producing ammonia as a by-product. Cyanide degradation 
pathways are discussed by Knowles (1976). Amongst the fungal species capable of 
metabolising CN are some Fusarium species and Trichoderma harzianum strains. 
These species have been shown to utilize free cyanide as a sole carbon and nitrogen 
source (Ezzi and Lynch, 2002; 2005a, b; Ezzi et al., 2003). 
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1.5.6 Heavy Metals 
Mining, ore refinement and industrial manufacture of electrical products, paint, 
metal alloys and insecticides all contribute to heavy metal pollution in soil and water. 
Additionally, the nuclear industry produces radioactive waste that causes even greater 
concern due to its associated carcinogenicity. 
The most harmful metals are the cations of lead and mercury and others of 
concern include arsenic, beryllium, boron, cadmium, chromium, copper, manganese, 
nickel, selenium, silver, tin and zinc (Roane et al., 1996). Metals usually occur as 
mixtures in a variety of different oxidation states. Because metals cannot be degraded 
like organic compounds, they will remain in the soil/water indefinitely if they are not 
removed. Hence, there are two strategies for dealing with metal pollution, namely 
immobilization and removal. Immobilization involves the altering of soil conditions so 
that the metals bind more strongly to the soil particles and organic matter. This makes 
them less toxic by decreasing their bioavailability and restricting their movement to 
uncontaminated areas. However, there is concern as how long this will last and what 
would happen if the soil conditions were changed radically by some factor 
(acidification, for example). Traditional methods used to increase immobilization 
included addition of organic matter to bind the metals and raising the pH by liming to 
decrease metal solubility (Roane et al., 1996). Removal is more desirable but 
traditionally much more expensive requiring soil washing and "pump and treat" 
methods for contaminated water. 
Metal treatment using microorganisms still involves the same two options. 
Microorganisms have developed a number of resistance mechanisms to metals and it 
was the discovery of these that lead to the interest in the use of microorganisms to 
remediate metal polluted soils (Roane et al., 1996). Many metals are essential for 
microbial survival (for enzyme function, maintenance of concentration gradients etc. ) 
but others are not. Toxicity will depend on the concentration and bioavailability of the 
metals. Mechanisms of toxicity include membrane damage, disruption of growth and 
biochemical activity by interacting with cellular components or metal-catalyzed 
decomposition of essential metabolites (Roane et al., 1996). 
One method used by microorganisms to avoid metal toxicity is complexation. 
This is the binding of metals to extracellular polysaccharides (EPS), which include 
tannins, melanins and other cell exudates. Both bacteria and fungi can complex metals 
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on their outer cell surface and bacteria complex metals in the EPS layers that surround 
the bacterial cells. Alternatively, metals are complexed in the cell by proteins called 
metalothioneins that can then be excreted or stored in granules. Other microorganisms 
(particularly bacteria) posses an ATP-dependent efflux pump which actively pumps the 
toxic metal out of the cell. 
Microorganisms also oxidize/reduce metals to alter their solubility and 
volatility. Oxidizing increases volatility allowing metals to diffuse away from the cells 
quicker while reduction decreases mobility and hence, decreases the rate of entry into 
cells. Citrobacter spp. have been shown to produce phosphate enzymatically to 
precipitate lead and copper (Aiking et al., 1984; Brierley, 1990). Sayer and Gadd 
(1997) demonstrated the precipitation of metals as insoluble oxalate salts by 
Aspergillus niger. Konetzka (1977) and Gharieb et al. (1995) showed that certain fungi 
reduced selinite (Se4+) and selenate (Se 6+) to elemental selenium to reduce its toxicity. 
Microorganisms have also been shown to methylate metals (mercury and lead) 
to increase their volatility and hence their mobility so they diffuse away from the 
microorganisms. Methylation increases lipophilicity and hence, they move through 
membranes more easily. This increases the toxicity of the metal (Hughes and Poole, 
1989) but can be an effective method of metal removal. Biosurfactants, bioemulsifiers 
and siderophores have also been shown to effectively complex heavy metals in some 
cases (Zosim et al., 1983; Macaskie and Dean, 1990; Miller, 1995). Whether or not this 
is due to the microorganisms need for essential metal ions, such as iron, or serves a 
microbial function is not yet known. 
The main role of fungi (and other microorganisms) and the current focus is to use these 
mechanisms to make metals more bioavailable for plants which then hyperaccumulate 
and remove them from the soil. Symbiotic systems in which both plant and 
microorganisms stimulate each other's successful survival and function is creating 
much interest and is discussed later. 
1.6 The Role of Plants in bioremediation 
To date relatively little attention has been paid to the degradative capabilities of 
higher plants. What has been examined in detail is the use of plants as metal, heavy 
metal and radionucleoid hyperaccumulators. Also, the symbiotic relationships by 
which plants and soil microorganisms support each other to promote tolerance to, and 
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degradation of, organic pollutants is being studied. This is now known as 
rhizoremediation and is discussed in the next section. 
Plants that are to be considered for use in phytoremediation need a number of 
attributes. The plants need to be large and growth must be strong and fast and the root 
systems must be deep rooting. This will reduce the time required for plant 
establishment and will therefore, also decrease the time required for remediation. Large 
root systems will mean that a greater volume of polluted soil can be treated per plant 
while deep rooting species allow treatment down the polluted soil profile. Clearly there 
is a limit to root depth so phytoremediation may have to focus on fairly shallow 
pollution (top two meters or so) unless trees are used. Trees also have a number of 
other advantages over plants as well as producing larger, deeper root systems that 
allow more soil to be treated and a greater degree of land stabilization to be achieved; 
once established the rate of biomass production is faster and more biomass is produced 
(which has potential uses as timber or biofuel for electricity generation), trees are 
perennial meaning re-planting is not required annually (some species such as poplar 
and willow can be coppiced) and they are not a food crop meaning that any absorbed 
contaminants are unlikely to enter the food chain. 
As well as the physical requirements listed above it is desirable for the 
plant/tree species to be able to tolerate harsh conditions such as exposed sites, poor soil 
conditions and nutrient deficiencies. The plants will also need to withstand a wide 
variety and concentration of various organic pollutants and metals. It is worth noting 
that almost all sites are polluted with a mixture of pollutants. This complicates the 
search for resistant plant species. Finally, ability to hyperaccumulate metals is required 
in some cases without the associated toxic effects. Hairy roots (that maximize the 
surface area) are potentially good for hyperaccumlation of metals (Kamnev and van 
der Lelie, 2000) but in most cases hyperaccumulation of metals is genetically 
determined. Some 400 species of metal hyperaccumulators are now known but there 
are a number of drawbacks in almost all cases. These include; phytoextraction only 
occurs if the metals are phytoavailable so considerable work is often required pre- 
planting (e. g. soil acidification). Most plants are metal selective with most species 
specializing on nickel. This means that in the case of pollution with a mixture of 
metals, the problem is at best only partly solved by using these plant species. The 
growth rates of hyperaccumulators are generally low, thus producing low quantities of 
biomass. Because of this, there is a need to develop new plants by GM techniques or 
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other methods to combine hyperaccumulation with large biomass production (Kamnev 
and van der Lelie, 2000). It has also been suggested that transferring metal tolerance 
genes or organic pollutant degrading genes into larger, faster growing plants may help 
solve the problem. However, insufficient knowledge of the genetics of many of these 
systems currently prevents this in the vast majority of cases. Various mammalian, 
yeast and pea metallothionein genes have been transferred into plants such as 
Arabidopsis, cauliflower and tobacco, as have bacterial phytochelatins. The degree of 
success achieved varies widely and has proved hard to predict. Some have found 
increases in tolerance levels of up to 20%, but decreases in tolerance of up to 70% have 
also been seen. In these studies metal uptake was not significantly affected 
(Karenlampi et al., 2000). 
Metallothioneins have been shown to be present in plants and hence, it is thought that 
plants tolerate toxic compounds by complexation. Histidine in plants has been shown 
to be involved in nickel tolerance and transport, allowing it to accumulate in plant 
shoots (Kramer et al., 1996). Plant ferritin can chelate heavy metals at low toxic levels 
(Kumar and Prasad, 1999). Recently plants have been described to be able to transform 
TNT to 2 and 4ADNT. After this oxidation, reduction or hydrolysis step the product is 
conjugated with a sugar, peptide, organic acid or amino acid (glutathione) and then 
compartmentalized into organelles and vacuoles as a method of detoxification as 
opposed to metabolism (Esteve-Nunez et al., 2001). Other xenobiotics are also 
detoxified in this way including PCBs. It is therefore thought that plants tend to 
detoxify their environments rather than metabolizing the toxic compounds. However, 
more recent work has begun to examine plant enzymes and their role in metabolizing 
xenobiotics. Chroma et al. (2002) showed how plant peroxidase and P450 activity 
correlated well with PCB and PAH disappearance in a liquid culture of plant cells. 
There is also evidence that plants produce similar enzymes to the white rot fungi that 
are capable of oxidising xenobiotics (Kucerova et al., 1999; Schroder and Collins, 
2002). However, due to the hydrophobic nature of many xenobiotics and their low 
water solubility uptake by plants is often very low. 
Doty et al. (2003) demonstrated the ability of the tropical leguminous tree Leuceana 
leucocephala to metabolize dibromoethane and trichloroethylene in hydroponic culture 
and at a field site in Hawaii. Gao et al. (2000) showed how three aquatic plant species 
(parrot feather, duckweed and Elodea) could take up (and possibly metabolize) DDT. 
Goel et al. (1997) demonstrated plant cell and plant cell extract-mediated degradation 
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of the nitrate ester glycerol trinitrate. This work shows that higher plants do have the 
ability of metabolizing xenobiotics as opposed to just detoxifying them via 
conjugation. 
1.6.1 Rhizosphere Remediation 
Rhizosphere remediation is the association between plant roots and microbes 
that allow remediation of contaminated soil more effectively than by either 
microorganisms or plants alone. Where there is a close association between the 
rhizosphere-competent microorganism and the plant, this process has been termed 
phytobial remediation (Lynch and Moffat, 2005). This is an area receiving a great deal 
of attention and is of direct relevance to this project. It is widely accepted that plants 
and microorganisms form successful relationships where both plants and 
microorganisms benefit from the colonization of plant roots by soil microorganisms. 
Soil microorganisms use plant root exudates as nutrients. This can significantly 
stimulate their growth rates and population sizes. These exudates include a wide range 
of organic molecules such as sugars, amino acids, carboxylic acids, growth-factors and 
cyclic compounds (that act as pollutant analogues and co-metabolites). Plant roots also 
increase the availability of oxygen to microorganisms and transport microorganisms 
through the soil. Meharg and Cairney (2000) and others have suggested that this is the 
reason why rhizosphere remediation appears to be so effective. The enzymes required 
to metabolize these plant-derived compounds also (by chance) degrade various organic 
pollutants. This would explain why microorganisms can degrade compounds to which 
they have not been previously exposed. Salt et a!. (1998) showed how the plant 
phenolics catechin and coumarin are used by bacteria as co-metabolites allowing them 
to degrade PCBs. 
Microorganisms provide plants with a number of benefits. Firstly, they promote 
plant growth by soil enrichment (by improving soil structure and via nitrogen fixation 
(Elmerich et al., 1998; James, 2000)). Plant growth is also promoted by specific 
enzyme activities and phytochrome production, including the production of the growth 
regulator IAA (Costacurta and Van der leyden, 1995; Patten and Glick, 1996). 
Secondly, they protect the plant from disease by production of antibiotics and 
antifungal compounds as well as the production of siderophores that limit iron 
availability to pathogens (Emery, 1980; Lugtenberg et al., 1991). Thirdly, microbial 
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production of EPS has been shown to help retain water around the rhizosphere 
promoting diffusion pathways and hydrolysis reactions both of which, are desirable for 
bioremediation (Barker et al., 1998; Welch et al., 1999). Finally, as discussed earlier, 
microorganisms increase plant survival in metal-polluted and organic-polluted soils by 
various detoxification and catabolism methods. Therefore, the rhizosphere is an 
environment with larger numbers, higher activity and greater diversity of 
microorganisms that increase the potential degradative range of many pollutants. 
Not only are microorganisms capable of metal detoxification, they can also 
alter the bioavailability (and hence, phytoavailability) of metals. This can make metals 
more phytoavailable for hyperaccumulation and phytoextraction by acidifying the soil 
via organic acid production (Kamnev and van der Lelie, 2000). 
The majority of articles concerned with phytoremediation in association with 
fungi focus on plant metal tolerance mediated by microbial associations (Kamnev and 
van der Lelie, 2000). However, successful rhizosphere remediation studies have been 
reported for TNT (Koehler et al., 2002), polyaromatics, anilines and phenols (Harvey 
et al., 2002) and PCBs, PCDD/Fs (Campanella et al., 2002). Most rhizosphere 
remediation studies have used mycorrhizal fungi and most have concentrated on the 
effects of AMF on metal uptake with both increases and decreases in uptake reported 
(see chapter 5). Recent studies have shown that rhizo-remediation with AMF can 
promote petroleum hydrocarbon degradation (Escalante-Espinosa et al., 2005) and the 
degradation of the PAH benzo[a]pyrene (Liu et al., 2004). Meharg and Cairney (2000) 
describe how different tree species including birch, pine and willow infected with their 
native mycorrhizas have been able to survive and grow in environments polluted with 
organics and metals. Nicolotti and Egli (1998) found that different mixtures of 
pollutants and the age of the pollution altered the ECM fungal community structure. 
Most trees produce deep root system and extensive root biomass giving rise to 
extensive mycelial systems (Meharg and Cairney, 2000). The deep rooting allows 
remediation down to a greater depth than is possible with most other plants as well as 
providing extensive aeration and venting of the soil (Cunningham et al., 1996). 
Meharg and Cairney (2000) state that WRF can be seeded into a site on wood 
chips or other organic material and, providing an adequate carbon source is available, 
bioremediation could be quite effective. ECMF would be slower (the rate being 
dominated by the rate of plant/tree growth) but should persist for a longer period. 
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ECMF will spread across the site whereas the spread of WRF will be slower as it is 
limited by the presence of organic matter in the form of wood. 
The majority of other rhizoremediation studies have focused on the degradation 
of PAHs using bacteria. Corgie et al. (2003) demonstrated that phenanthrene- 
degrading bacterial numbers and phenanthrene degradation itself increased with 
increasing proximity to plant roots. 
Rhizoremediation of PCBs (Ryslava et al., 2003) and trichloroethylene (Yee et al., 
1998) has also been demonstrated. 
More research is required to optimize rhizosphere remediation. This includes a better 
understanding of rhizosphere microbial ecology, plant - microbe interactions, the 
degradative abilities of rhizosphere-associated fungi and other microorganisms and 
how physical/soil factors affect the processes. The study of more plants and use of GM 
plants to meet the requirements is also an option for the future. Larger scale tests are 
also required; this is probably the number one priority. 
1.7 Trichoderma harzianum (strain T22) 
Trichoderma species are common soil fungi that are easily cultured in the 
laboratory. They inhibit the growth of other fungi by producing a range of 
antimicrobial compounds and hence, are potentially useful for control of plant 
pathogenic fungi. Trichoderma also produce a range of hydrolytic enzymes such as 
cellulases, chitinases, glucanases and proteases (Kubicek and Harman, 1998). 
T. harzianum strain T22 is rhizosphere competent, meaning it readily colonizes 
plant roots by penetrating the outer layers of the root cortex cells. It can be applied 
artificially by adding the fungus to the soil or by inoculation of seeds (effective at lg 
/ha as a seed treatment in sterile or non-sterile soil (Harman et al., 2004a)). The fungus 
remains associated during the whole lifetime of an annual plant. The fungus is able to 
metabolize plant root exudates but in return enhances plant root growth. Plant growth 
promotion by Trichoderma was first observed in the mid 1980's (Windham et al., 
1985) and is now thought to occur via a combination of control of plant microbial 
pathogens (directly by mycoparasitism, antibiosis and competition for nutrients and 
indirectly via systemic effects on the plant) and improved plant nutrition (especially 
nitrogen; Harman, 2000) via systemic effects and T harzianum T22-mediated nutrient 
solubilization (Altomare et al., 1999). An increased rate of photosynthesis and control 
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of nematodes and insects have also been observed as systemic effects of Trichoderma 
inoculation (Harman and Shoresh, 2006; Harman et al., 2004a). It has been shown 
recently (Harman and Shoresh, 2006) that enzymes involved in carbohydrate 
metabolism (especially in the glycolytic and TCA pathways) and in plant defence 
pathways are upgraded as a result of Trichoderma inoculation. These observations go 
some way to explaining how and why the effects of Trichoderma occur. It should be 
noted that not all Trichoderma strains produce these effects (Chao et al., 1986) but a 
number of T. harzianum strains do (Lynch, 2004; Lynch et al., 1991; Ousley et al., 
1993; 1994a, b). Strain T12 (one of the parental strains) has been well studied for its 
growth-promoting affects and has been shown to stimulate plant growth in pea 
(Naseby et al., 2000) and chrysanthemum (Mackenzie et al., 1995; 2000) plants. T 
harzianum T22 has been shown to be effective on a wide range of crop plants 
(Harman, 2000). 
Trichoderma harzianum T22 is able to solubilize cations required for plant growth 
(Altomare et al., 1999) and is able to chelate iron using siderophores. Trichoderma 
species penetrate the outer layers of plant roots resulting in localized and systemic 
disease resistance (Harman et al., 2004a). Systemic resistance does not occur with all 
Trichoderma species but it does with strain T22. Resistance is thought to arise through 
changes in the plant proteome and changes in plant metabolism which trigger plant 
defences as a result of the presence of the Trichoderma and the compounds it produces 
(Harman et al., 2004a). Five-day old maize seedlings were shown to have protein 
profiles with 40% more unique proteins when inoculated with T harzianum T22 
compared to control seeds (Harman and Shoresh, 2006; Harman et al., 2004a). Harman 
et al. (2004a) also provide evidence that Trichoderma do actively transfer bioactive 
molecules to plants. These include proteins with enzymatic activity, avirulence gene 
homologues and oligosaccharides all of which appear to have a role in stimulating 
plant defences (Harman et al., 2004a). Evidence is also provided to suggest that the 
presence of other beneficial root-colonizing microorganisms may further enhance the 
positive effects of T harzianum T22 and other Trichoderma species on roots. 
Soybeans grown with T harzianum T22 and Bradyrhizobium japonicum produced 
roots 66% longer than controls and -30% longer than the two single treatments 
(Harman and Petzoldt, unpublished). This beneficial `combination effect' was also 
observed by Rudresh et al. (2005) with T. harzianum PDBCTH 10, Rhizobium and a 
phosphate-solubilizing bacterium on chickpea. As the rhizosphere is well known to 
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promote microbial species diversity and numbers this `combination effect' makes T. 
harzranum T22 an excellent candidate for use in rhizoremediation. 
Some 33 species of Trichoderma are known, most of which have an asexual 
lifecycle (including T. harzianum T22) resulting in the production of asexual spores 
(Kubicek and Harman, 1998). Different species have different numbers of 
chromosomes and most hyphae have numerous nuclei. Due to the asexual cycle it 
transpires that it is common to get variation between nuclei within the same mycelium 
(Kubicek and Harman, 1998). This means that considerable genetic variation occurs 
between strains as well as between species. This makes these wild-type fungi adaptable 
and highly variable. However, this characteristic is undesirable for commercial use, so 
strains with all nuclei genetically identical must be used and the genetic variation must 
be tightly controlled to produce distinct, non-variable strains (Kubicek and Harman, 
1998). T. harzianum T22 was produced via protoplast fusion of two Trichoderma 
strains (T. atroviride T95 which was strongly rhizosphere-competent and T harzianum 
T12 which was more capable of competing with spermosphere bacteria than T95 under 
nitrogen-limiting conditions (Harman, 2000). Both strains T 12 and T95 were strong 
biocontrol agents. T harzianum T22 was selected from the progeny as it showed the 
best competitive, rhizosphere competent and biocontrol properties (Sivan and Harman, 
1991). As a result of its production by protoplast fusion, T. harzianum T22 is distinct 
and non-variable. The strain has been field-tested extensively in the field in the US 
(Harman, 2000). T. harzianum T22 is sold commercially in the USA and is cleared for 
use in the field in the US and Europe by the Environmental Protection Agency (EPA). 
Trichoderma strains are now used commercially for a number of applications, 
including the production of enzymes that degrade polysaccharides such as cellulose. 
These cellulases are used in the textile industry (Stone-washed denim) and in animal 
feeds to help them digest hemicellulose in crop plants (Harman, 1996). Trichoderma is 
sold to control plant pathogens. These products are increasing in number and these 
include ('Plantshield HCTM' - containing T harzianum T22, manufactured by 
Bioworks inc. and used in this project). T. harzianum T22 causes plant growth 
promotion and is effective on all plant species that have been tested so far. Promoting 
deeper rooting for drought resistant crop plants is yet another application. There is 
evidence that Trichoderma-colonized roots require significantly less nitrogen fertilizer. 
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For example, plants inoculated with T. harzianum T22 produced equal maize yields 
with 40% less nitrogen fertilizer (Harman, 2000) thus decreasing the cost of crop 
production and fertilizer run-off. Altomare et al. (1999) showed that T harzianum T22 
can solubilize phosphorus, manganese and zinc minerals in liquid culture further 
explaining the observed `fertilizer' effects of T harzicmum T22. It has been shown to 
produce larger and deeper rooting plants and also produces greater plant biomass thus 
increasing crop productivity (Harman, 2000). As a result T. harzianum T22 inoculated 
plants are more resistant to abiotic stress and take up nutrients more effectively 
(Harman et al., 2004a). This could have future applications for plant/crop growth in 
sub optimal conditions (such as in polluted soil or in the 3rd world). Hence, T 
harzianum T22 not only acts as a disease control agent but also encourages the uptake 
of nutrients from the soil. 
Harman and colleagues have demonstrated T harzianum T22's antifungal 
activity against plant pathogens such as Pythium and Fusarium species amongst others 
(Harman, 2000). Their research at Cornell has lead to products that are easily applied 
with a long shelf life. Because of its positive effects on plant growth, its strong 
rhizosphere competence and competitiveness together with its ability to detoxify olive 
oil waste (Harman et al., 2004c) and its parental strain T. harzianum T12 to metabolize 
cyanide (Ezzi and Lynch, 2002; 2005a, b; Ezzi et al., 2003) it is hypothesised that T 
harzianum T22 could be used to enhance phyto- and rhizoremediation. 
1.7.1 Use of T. harzianum T22 to remediate Organic and Metal pollution 
The work by G. Harman at Cornell has shown the potential for Trichoderma to 
be used as a successful rhizosphere competent plant symbiont. Whether or not T 
harzianum T22 can degrade organic pollutants and/or tolerate high concentrations of 
metals has not yet been investigated. Ezzi and Lynch (2005a, b) demonstrated the 
ability of strain T harzianum T 12 (growing in association with a plant) to detoxify free 
cyanide and possibly, complexed metallocyanide. T. harzianum T12 has been shown to 
be unable to catabolize the PAH phenanthrene whereas there is evidence that T 
harzianum T22 can (Matsubara et at, 2006). Harman and Lynch believe this is maybe 
due to the level of polyphenol oxidase activity being higher in T harzianum T22 than 
in T 12. This evidence was provided by the work of Prof M. Lorito (included in 
Harman et al., 2004c) who showed that T harzianum T22 could detoxify olive oil 
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waste. It is these enzymes which are normally associated with WRF that could allow T. 
harzianum T22 to degrade most organic pollutants especially PAHs. If this theory was 
proven to be correct, T harzianum T22 could become a potentially new rhizosphere 
remediation microorganism. Bioremediation of compounds such as chlorinated 
compounds and nitroaromatics by T. harzianum T22 have not yet been studied either. 
Neither has metal tolerance in any detail. 
There are a small number of articles in the literature that provide some additional 
evidence of the degradative abilities of Trichoderma species (although not specifically 
T. harzianum T22). Saraswathy and Hallberg (2002) isolated five species of fungi from 
a former gasworks site that were capable of degrading the PAH pyrene which was used 
by the fungi as a sole carbon source. Four of the five species isolated were Penicillium 
species but the fifth was a T. harzianum strain. They found that T harzianum degraded 
65% and 33.7% pyrene in solutions that contained 50mg and 100mg 1-1 pyrene 
respectively during 28 days incubation. The Penicillium species were more effective 
than the Trichoderma strain and produced more biomass at the higher pyrene 
concentration. Unfortunately, Saraswathy and Hallberg (2002) did not characterize or 
identify any of the metabolites (or quantities of metabolites) so the enzyme(s) involved 
were not identified. Rigot and Matsumura (2002) describe how they found the 
rhizosphere competent strain T harzianum 2023 was able to metabolize 
pentachlorophenol (PCP) in liquid culture. This strain has also been shown to 
metabolize several pesticides. They developed a marker to monitor the presence and 
activity of T2023 in the rhizosphere of maize. Barclay et al. (1998) provided evidence 
that a mixed culture of Fusarium solani and Trichodermapolysporum (isolated from 
acidic gasworks soil) was able to grow on K4Fe(CN)6 as the sole nitrogen source under 
acidic conditions. They showed how growth was associated with cyanide removal and 
demonstrated that 50% of the total cyanide was degraded after the experiment was 
terminated. Under these conditions cyanide uptake was shown to occur simultaneously 
with the removal of iron from the biomass-free medium. Hoagland et al. (1994) 
discussed how propanil (a rice herbicide) was rapidly dissipated by the rice rhizosphere 
microflora. It was shown that aryl acylamidases performed the initial degradative step. 
This enzyme has been found in species of Trichoderma as well as some Fusarium 
species and some gram-positive bacteria. Hoagland et al. (1994) also described how 
more than 90% of the herbicide could be degraded within 48 hours with 70% of the 
products being 3,4-dichloroaniline (DCA). 
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This shows the potential for Trichoderma to degrade chlorophenolics that are a major 
group of pollutants (provided build-up of toxic intermediates or products does not 
occur). 
Previous work by Lynch and Phillips (unpublished) showed that T harzianum TH1 can 
degrade pristane and hexadecane in flask culture and that this degradation rate was 
increased threefold with the addition of glucose as an energy source. It should be noted 
that these catabolic abilities are often strain-dependant, but T. harzianum T22 certainly 
has potential for use in this field and merits further investigation. 
1.8 Outline of Thesis 
In order to discover whether T. harzianum T22 has the potential for use as a 
remediation tool a number of questions must be addressed: Firstly, is T harzianum T22 
tolerant to, and able to survive and grow in the presence of common pollutant 
compounds? If so, does it have the catabolic ability to metabolize some/all of them? 
Secondly, what is the effect of temperature and inoculation dose on these processes? 
Thirdly, how do different plant species affect the responses of T harzianum T22 and 
can the beneficial effects of T harzianum T22 be seen in British field conditions? Only 
when these questions are answered can the potential of T. harzianum T22 for use in 
remediation be evaluated. 
Chapter 1 provided an introduction to the subject with a comprehensive review of the 
relevant literature. The various remediation processes were discussed along with the 
considerations needed to implement them. Fungal degradation of the main pollutant 
classes was discussed. A thorough background on T. harzianum T22 was given. 
Chapter 2 examines the growth-promoting effects of T. harzianum T22 and T. virens 
G41 (a Trichoderma strain more tolerant to colder temperatures) on pea and sunflower 
seedlings with the aim of determining the effect of temperature and inoculation 
methods on the degree of growth promotion produced. 
Chapter 3 deals with the use of a semi-quantitative bioassay technique to study the 
effect of T. harzianum T22 on the germination and survival of wheat seedlings in the 
presence of a number of common pollutant classes. The degradation of PAHs was 
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examined in detail. Enzyme assays for common pollutant-degrading enzymes were 
also conducted. 
Chapter 4 presents how T harzianum T22 affected germination and growth of 
seedlings grown in `creocote'(a creosote substitute) -contaminated soil. The effects of 
increasing T harzianum T22 inoculation quantities were studied as were the effects of 
T harzianum T22 on the soil microbial community. 
Chapter 5 details the effects of T. harzianum T22 on the growth of willow saplings in 
clean and metal-contaminated soil in comparison with ectomycorrhiza in the growth 
chamber. 
Chapter 6 examines the effects of the extracellular metabolites of T. harzianum T22 
on the release of zinc from charcoal. Assays for siderophores and organic acids were 
carried out as well as examining the acidifying effect of T. harzianum T22. 
Chapter 7 shows the results of two field trials: firstly; the effects of T. harzianum T22 
on willow and poplar growth in clean soil and secondly, the effects of T. harzianum 
T22 compared to; and in conjunction with, ectomycorrhiza on willow growth in metal- 
contaminated soil. 
Chapter 8 critically discusses the major findings of this work along with limitations 
and areas of investigation still required. The potential of T. harzianum T22 for use in 
this field is considered giving the areas where T. harzianum T22 has the greatest 
potential. 
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2. Quantifying the ability of T. harzianum T22 and T. virens G41 
to promote growth of pea, sunflower and wheat over a range of 
temperatures 
2.1 Summary 
If T harziannum T22 is to be used effectively for bioremediation 
in parts of the world with a temperate climate like Britain then it is vital to know if the 
growth-promoting effects of T. harzianum T22 can be produced at temperatures well 
below the optimum growth temperature of 30°C. It is also important to know if the 
method of inoculating, and the plant species, has any effect on the amount of growth 
promotion. The effectiveness of two different methods (seed dry dusting and 
seedling root dipping) of delivering T harzianum T22 to promote plant growth of pea, 
sunflower and wheat seedlings was investigated. Seeds were grown on sand or sandy 
topsoil in incubators for periods of 10-14 days at temperatures of 25 or 30°C (a 
method shown to be effective when examining for plant-growth-promotion; Harman 
et al., 2004b). Growth promotion was evaluated by measuring root and shoot length 
and root and shoot fresh biomass. 
The growth of T. harzianum T22 was compared with that of strain G41 (a cold 
tolerant strain of T. virens) on agar plates at 5- 30°C to study whether the two species 
can survive and grow at temperatures well below their optima. This temperature range 
will also reflect that of British soils which are significantly colder in the summer than 
those in the southern US where the significant proportion of T. harzianum T22 field 
research has been conducted. The ability of the two Trichoderma species to promote 
the growth of pea seedlings was also investigated at a range of temperatures 
betweenl0 - 25°C in sandy topsoil over growth periods of 14 days. 
Both inoculation methods proved successful at delivering T harzianum T22 and 
producing the desired plant growth promotion. Sunflower seedlings produced the 
same trends with both methods. Pea and wheat responded better than sunflower with 
growth promotion evident at 25°C compared to 30°C with sunflower. 
Both Trichoderma species grew at all temperatures tested on agar. T harzianum T22 
grew faster than G41 at all temperatures except 5°C reaching the edges of the dish 2-3 
days before T virens G41. There was no evidence of superior cold tolerance by T 
virens G41 except at 5°C where growth started after a shorter lag period (14 days 
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compared to 21) and a denser mycelium was produced by T Wrens G41 that was 
more characteristic of that produced by both fungi at higher temperatures. 
No growth promotion of pea seedlings was seen by either fungus at 10°C. At 15°C 
and 20 °C, T harzianum T22 produced shoots that were 30 mm longer than the non- 
inoculated controls and produced approximately 25% more shoot and root fresh 
biomass. There was no growth promotion as a result of inoculation with T. Wrens G41 
below 20 °C. At 25°C plants inoculated with T. Wrens G41 produced significantly 
larger plants with shoots and roots that were 20-30 mm (15%) longer than the controls 
and more shoot and root biomass (-0.5 g- 30% and -0.25 g- 15%) than the control 
and T. harzianum T22 seedlings respectively. Differences between T. harzianum T22 
plants and controls were similar at 25°C as at 15 and 20°C (T. harzianum T22 were 
larger than controls but differences were not significant). It is suggested that the lack 
of growth promotion seen may have been as a result of optimal nutritional conditions 
disguising the effects of the Trichoderma strains. The more consistent (temperature 
independent) behaviour of T, harzianum T22 makes it potentially more suitable than 
T. Wrens G41 for use in colder British soils although a stronger growth response is 
probably required. 
2.2 Introduction 
Trichoderma harzianum strain T22 is rhizosphere competent 
meaning it will grow effectively on the root systems of plants. The plant growth 
promotion properties of T. harzianum T22 are well described (Harman et al., 2004a) 
It is claimed that T. harzianum T22 will associate and grow on the roots of any plant 
species (personal communication G. Harman, Cornell University, US) but the extent 
of the effect will be dependent on the physical growth conditions (including soil 
microflora, soil nutritional content and temperature) and the plant species. 
The cause of plant growth promotion is thought to be a combination of factors 
including the control of soil microorganisms harmful to plants by T harzianum T22 
(by competition, parasitism and by production of antibiotics), systemic effects and by 
direct growth promotion. Direct growth promotion could be due to the fungus' ability 
to solubilize some plant-essential nutrients, chelate iron and increase plant nutrient 
uptake (Altomare et al., 1999). Stimulation of root growth results in deeper rooting 
plants which as a result are more resistant to drought. The presence of T harzianum 
T22 is also thought to increase the efficiency of nitrogen usage by the plant resulting 
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in a lower nitrogen requirement from the soil (Harman, 2000; Harman and Shoresh, 
2006). However, the mechanism of this phenomenon is currently unknown. 
Recently, it has also been shown that T. harzianum T22 produces localized (and in 
some cases) systemic plant resistance and growth effects (Harman et al., 2004a and 
references therein). T. Wrens G41, is a wild-type strain isolated from an Aphanomyces 
suppressive pea field in western New York. It is strongly rhizosphere competent, but, 
unlike T. harzianum T22, it colonizes the soil around roots and not just the roots. T. 
Wrens G41 is more tolerant to colder temperatures than T22 (G. Harman, personal 
communication) 
This study aimed to assess the ability of T. harzianum T22 and T. Wrens G41 to 
induce plant growth promotion at temperatures below 25°C as this would be an 
essential prerequisite if the fungus was to be used in temperate climates. 
This study therefore examined the growth of both fungi on PDA plates at 5,10,15,20 
25 and 30°C, while the plant growth promoting ability of the two fungi was compared 
at 10,15,20 and 25°C using pea plants. 
2.3 Materials and Methods 
2.3.1 Sunflower seed dry dusting and sand drenching 
In order to estimate the effect of temperature on the performance of Trichoderma 
small microcosms were created. The microcosms were constructed using eight 150 
mm diameter Petri dishes and A4 acetates. Around the perimeter of the base of each 
dish a ring of rigid transparent acetate was fixed. The acetate was 10 cm high to allow 
space in the microcosm system for vertical plant growth. The lid of the dishes was set 
on top of the acetate ring creating a cylindrical container. 
Subsequently, the bottom of each container was filled with 150 g non-sterile coarse 
sieved sand (Silvapearl - William Sinclair Horticulture, Lincoln, England). T. 
harzianum T22 was delivered into the sand using Plantshield HCT" (Bioworks inc., 
USA) at the manufacturers recommended concentration (0.3g 1') as follows. 
Plantshield HCTm contains T. harzianum T22 spores at a minimum concentration of 
107 g'1 on inert clay particles. A solution was made up containing 60 mg Plantshield 
HCTm in 200 ml RO water. Thirty ml of the solution was delivered to four out of the 
eight plates. The sand in the remaining four (control) plates was moistened with 30 ml 
RO water. Into each control plate, 15 sunflower seeds (Helianthus annuus - Quinastra, 
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Suffolk) were placed on the surface of the sand. The T. harzianum T22 treated seeds 
received a dry dusting with Plantshield HCTm at a concentration of lg per 100 g seeds. 
As with the control, 15 seeds were placed on the surface of the sand. To keep the 
moisture to around 100% RH, the systems were closed with a loose Petri-dish lid. 
Two plates (30 seeds in total) of the control and experimental seeds were incubated at 
either 25 or 30°C in a Gallenkamp® cooled illuminated incubator for ten days with 
watering administered if the surface of the sand became dry. 
After ten days, the seedlings were carefully removed and washed and root and shoot 
lengths as well as root and shoot fresh weights were measured. 
2.3.2 Seed root dipping and sand drenching 
Having examined the effects of inoculating plants with T. harzianum T22 by dry 
dusting seeds it was decided to test a different method (root dipping) to see if this 
affected the amount of growth promotion. Three different plants species were used; 
wheat (Triticum aestivum L. ) - Rothamsted research, Herts. ), sunflower (Helianthus 
annuus -Quinstra, Suffolk, UK) and pea (Pisum sativum - `Kelvedon Wonder' Mr. 
Fothergill's seeds LTD, Suffolk) to see if different plant species respond differently to 
T. harzianum T22 inoculation. 
Wheat seeds were germinated and grown on moist filter paper in a Gallenkamp(& 
cooled illuminated incubator for two days at 25°C. Two 90 mm diameter Petri dish 
microcosms were set up as before. To one microcosm 15 seedlings were placed on the 
surface of the sand and watered as before. These seeds acted as controls. In the second 
microcosm 15 seeds were placed on the sand surface. These seeds were dipped in a 
solution of Plantshield HC (containing T. harzianum T22) at a concentration of 
0.3g 1"1 water. The sand was then moistened with a T. harzianum T22 suspension as 
before. Plants were incubated at 25°C for ten days in a Gallenkamp® incubator. After 
incubation, root and shoot length and biomass were determined. 
As pea and sunflower seeds are more nutritionally demanding than wheat seeds they 
were germinated and grown in a Procema® incubator for seven days in a soil 
containing 50: 50 topsoil (J Arthur Bowers) and coarse agricultural sand (Silvapearl). 
Sixty pots with a diameter of 10 cm were taken and filled with soil containing two 
parts topsoil to one part agricultural sand. Fifteen pea and fifteen sunflower seedlings 
were transplanted into these pots and acted as controls. The remaining fifteen pea and 
sunflower seedlings were root dipped in a water solution of Plantshield HCTm at a 
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concentration of 0.3g L"l. These seedlings were then transplanted into the remaining 
10 cm pots and soil drenched with T. harzicmum T22 as before. All plants were 
incubated at 25°C in a Procema® incubator for ten days with a 16 hour photoperiod. 
After incubation, root and shoot length and biomass were determined. 
2.3.3 Growth rate of T. harzianum T22 and T. virens G41 on PDA 
To compare the performance of two Trichoderma strains at different temperatures, 
strain T22 was compared with a similar strain (G41), which was thought to be more 
cold tolerant. 
T. virens G41 was provided by G. Harman (Cornell University, USA) in the same 
form as T22 (on inert clay particles. T22 was provided by Bioworks inc. (US) in the 
form of the commercial product Plantshield HC'). 
To estimate growth rates of the two fungal strains, solutions of T. harzianum T22 and 
T. virens G41 were made up in sterile 1/4 strength Ringers solution at a concentration 
of 0.3 g 1"1. Subsequently, 0.1 ml of each suspension was pipetted onto the centre of 
sterile PDA plate. Sets of four replicates for each fungus were incubated at 5,10,15, 
20,25, or 30°C for seven days or until the fungi had grown across the entire surface of 
the agar. Colony diameter was measured daily and the growth rates of the two 
different Trichoderma species were then compared. 
2.3.4 Ability to promote plant growth 
To estimate the ability of the two Trichoderma strains (T22 and G41) to promote 
plant growth at different temperatures, pea plants were raised from seed (Kelvedon 
Wonder) in compost (John Innes No. 2). To obtain plantlets that could be used for 
experimental purposes, pea seeds were sown and grown at 25°C for 7-10 days. The 
experiment was conducted in 10cm pots containing J. Arthur Bowers topsoil (William 
Sinclair Horticulture LTD, Lincoln). Forty pots were planted with a plantlet that was 
either was root dipped in a suspension (0.3 g 1-1) of Trichoderma T22 or G41 before 
being transplanted into topsoil and watered in with the fungal solutions. Forty control 
plants were dipped in water containing no fungus. All plants were subsequently 
watered with tap water as required. Ten plants of each of the three treatments were 
incubated at 10,15,20 and 25°C. Plants grown at 15,20 and 25 °C were incubated for 
14 days while plants grown at 10 °C were incubated for 28 days due to the slower 
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growth rate at this temperature. Subsequently, plants were destructively sampled and 
shoot length and shoot biomass as well as root length and shoot biomass was 
measured. The effect of the Trichoderma T22 and G41 treatments on height and 
biomass production were then compared against the control treatment. 
2.3.5 Statistical Analysis 
The differences between the lengths and weights of shoots and roots of control 
seedlings and those grown with T. harzianum T22 were tested using a one tailed, 
unpaired t-test (95% confidence interval). The statistical package used was Instat 3. 
The data from the Trichoderma T22 and G41 study on peas (section 2.3.4) were also 
analyzed by the statistics team at Forest Research (Hampshire) using univariate 
(ANOVA) and multivariate (MANOVA) analytical techniques. 
2.4 Results 
2.4.1 Effect of T. harzianum T22 on the growth of sunflower seedlings at 
Fig 2.1: Effect of T. harzianum T22 on the average root and shoot length (mm) of sunflower seedlings 
grown in sand microcosms at 25 °C (yellow bars) and 30°C (blue bars) for 10 days compared to non- 
inoculated control treatments (red and green bars for 25 and 30°C respectively). Error bars show the 
standard error above and below the mean, n=30. 
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optimum growth temperatures 
Fig 2.2: Effect of T. harzianum T22 on the average root and shoot fresh weight (g) of sunflower 
seedlings grown in sand microcosms at 25 °C (yellow bars) and 30°C (blue bars) for 10 days compared 
with no-inoculated controls (red and green bars for 25 and 30°C respectively). Error bars show the 
standard error above and below the mean, n=30. 
Germination percentages were high (> 90%) in all instances. Sunflower seeds 
produced numerous fine roots instead of one primary root from which others develop. 
This made the determination of root length difficult as most roots were different in 
length and simply measuring the longest root did not produce a fair set of data. Hence, 
the root length data is not considered of much value. Roots grew to a similar length in 
all treatments (Fig 2.1). 
However, shoots were longer in plants that were inoculated with T harzianum T22 at 
both temperatures (Average difference between T. harzianum T22 and control at 25°C 
was 17 mm (P = 0.06) and this difference was 21 mm at 30°C (P < 0.05). Plants 
inoculated with T harzianum T22 produced 25% more root biomass than the non- 
inoculated controls at 30°C (P < 0.05) (Fig 2.2). The biomass of plant shoots was 
similar at 25°C for control and T harzianum T22 plants. At 30°C plants inoculated 
with T harzianum T22 had shoot biomasses that were 0.11 g (22%) greater (P < 0.05) 
than that of the controls (Fig 2.2). 
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2.4.2 Wheat seed root dipping and sand drenching 
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Fig 2.3: Effect of T. harzianum T22 (yellow bars) on the root and shoot length (mm) of wheat seedlings 
grown in sand microcosms at 250C for 10 days compared with non-inoculated controls (red bars). Error 
bars show the standard error above and below the mean, n=15. 
Fig 2.4: Effect of T. harzianum T22 (yellow bars) on the root and shoot fresh weight (g) of wheat 
seedlings grown in sand microcosms at 25°C for 10 days compared with non-inoculated controls (red 
bars). Error bars show the standard error above and below the mean, n= 15. 
Root dipping proved to be an effective method of inoculating wheat seeds with T 
harzianum T22 (Figs 2.3 and 2.4). Growth promotion was clearly evident with T 
harzianum T22 plants producing significantly longer roots (nearly 30 mm longer on 
average, P<0.05) and 25% more root biomass (P < 0.05) and 33% more shoot 
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Roots Shoots 
biomass (P < 0.05) than the non-inoculated controls. There were no significant 
differences in shoot length between treatments. 
2.4.3 Pea and Sunflower root dipping and soil drenching 
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Fig 2.5: Effect of T. harzianum T22 on root and shoot lengths (mm) of pea plants (yellow bars: T22 
treated plants; red bars: non-inoculated controls) and sunflower plants (blue bars: T22 treated plants; 
green bars: non-inoculated controls) grown in sandy soil at 25°C for 10 days. Error bars show the 
standard error above and below the mean, n= 15. 
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Fig 2.6: Effect of T. harzianum T22 on root and shoot fresh weights (mm) of pea plants (yellow bars: 
T22 treated plants; red bars: non-inoculated controls) and sunflower plants (blue bars: T22 treated 
plants; green bars: non-inoculated controls) grown in sandy soil at 25°C for 10 days. Error bars show 
the standard error above and below the mean, n=15. 
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Roots Shoots 
Roots Shoots 
Root dipping and soil drenching effectively inoculated pea and sunflower seedlings 
with T harzianum T22 (Figs 2.5 and 2.6). Sunflower plants showed no significant 
plant growth promotion as a result of inoculation with T harzianum T22. However, 
pea plants inoculated with T. harzianum T22 produced 14% longer roots (P < 0.05), 
22% longer shoots (P < 0.001) and 30% more shoot biomass (P < 0.01) than the non- 
inoculated control plants. 
2.4.4 Growth rate of T. harzianum T22 and T. virens G41 on PDA at different 
temperatures 
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Fig 2.7a: Growth of T. harzianum T22 and T. vixens G41 on PDA at 5,10 and 15 T. Colony width was 
measured daily until it reached the edge of the plate or 28 days had elapsed (5°C). Error bars show the 
standard error of the mean (n=4). 
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Fig 2.7b: Growth of T. harzianum T22 and T. virgins G41 on PDA at 20,25 and 30 °C. Colony width 
was measured daily until the colony reached the edge of the plate. Error bars show the standard error of 
the mean (n=4). 
Surprisingly, T harzianum T22 grew faster at lower temperatures (10 and 15°C) than 
T. virens G41 (Fig 2.7a). T harzianum T22 took 10 and 7 days to reach 90 mm at 10 
43 
and 15°C. T. virens G41 took around 14 and 10 days respectively. At 5°C both fungi 
grew slowly and endured a long lag (14 days) before growth began. There was much 
more variation in colony width between plates than at other temperatures. T. virens 
G41 began to grow 7 days earlier than T. harzianum T22 and produced thicker, more 
pigmented mycelia (more characteristic of the mycelia seen on plates at higher 
temperatures). There was no significant difference in colony width between the two 
Trichoderma species after 28 days growth at 5°C. T harzianum T22 produced less 
dense, whiter mycelia at 5 and 10°C. 
T harzianum T22 grew faster than T virens G41 at the higher temperatures tested 
(Fig 2.7b) reaching 90 mm in 5,3 and 2 days at 20,25 and 30°C respectively. T. 
virens G41 took 7,5 and 5 days to reach 90 mm at 20,25 and 30°C respectively. 
2.4.5 Ability of T. harzianum T22 and T. virens G41 to promote plant growth at 
low temperatures 
Fig 2.8: Shoot and root length (a) and shoot and root fresh biomass (b) of pea seedlings that were either 
non-inoculated (C), or inoculated with T. harzianum T22 and T. virens G41. Seedlings were grown for 
28 days at 10°C. Error bars show the standard error above and below the mean (n=10). 
Ten degrees centigrade appeared to be too low a temperature for the growth- 
promoting effects of T. harzianum T22 or T virens G41 to be seen (Figs 2.8a and b). 
Plants inoculated with T. harzianum T22, however, produced 21 % longer roots than 
the non-inoculated controls (P < 0.05). Controls appeared to be larger than either 
treatment suggesting that the presence of Trichoderma was detrimental to growth at 
this temperature but the differences were not significant except for shoot length (40 
mm - 22%) and shoot fresh biomass (1.7 g- 39%) with T virens G41 (P < 0.05). 
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Fig 2.9: Shoot and root length (a) and shoot and root fresh biomass (b) of pea seedlings that were either 
non-inoculated (C), or inoculated with T. harzianum T22 and T. virens G41. Seedlings were grown for 
14 days at 15°C. Error bars show the standard error above and below the mean (n=10). 
At 15°C T. harzianum T22 produced longer stems (29 mm - 11%) and more shoot 
(0.73 g- 25%) and root biomass (0.45 g- 28%) than the controls (Figs 2.9a and b). 
However, only the root biomass was found to be significantly larger than controls (P 
< 0.05). T virens G41 inoculated plants were not significantly different from the non- 
inoculated controls (Figs 2.9a and b). 
Fig 2.10: Shoot and root length (a) and shoot and root fresh biomass (b) of pea seedlings that were 
either non-inoculated (C), or inoculated with T. harzianum 122 and T. virens G4 1. Seedlings were 
grown for 14 days at 20°C. Error bars show the standard error above and below the mean (n=10). 
At 20°C T. harzianum T22-inoculated plants produced 0.98 g (35%) more shoot 
biomass than the non-inoculated control plants (P < 0.05), while T. virens G41 
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inoculated plants produced 0.42 g (18%) more shoot biomass than the controls (P < 
0.05). The difference in growth promotion between T harzianum T22 and T. virens 
G41 was not significant (Figs 2.1 Oa and b). 
Fig 2.11: Shoot and root length (a) and shoot and root fresh biomass (b) of pea seedlings that were 
either non-inoculated (C), or inoculated with T. harzianum T22 and T virens G4 1. Seedlings were 
grown for 14 days at 25°C. Error bars show the standard error above and below the mean (n=10). 
At 25°C T. vixens G41 produced the most significant growth promotion producing 
significantly larger plants and more biomass than the control plants. Shoots were on 
average 19 mm (12%) longer (P < 0.05) and the biomass was 0.54 g (3 1%) heavier 
than controls (P < 0.001). T virens G41-treated plants produced roots that were 0.45 g 
(62%) heavier (P < 0.0001) and total plant biomass that was 0.99 g (40%) heavier 
than controls (P < 0.0001). 
T vixens G4 1-treated plants were also significantly larger than T22-treated plants. 
Roots were 29 mm (15%) longer (P < 0.05) and 0.27 g (30%) heavier (P < 0.0001). 
Shoots were 0.30 g (15%) heavier (P < 0.05). Total biomass of T. virens G41-treated 
plants was 0.57 g (20%) heavier than T. harzianum T22-treated plants (P < 0.005), 
(Figs 2.11 a and b). T harzianum T22-treated plants produced significantly more root 
biomass (0.18 g- 25%) and total plant biomass (0.42 g- 17%) compared to control 
plants (P < 0.005 and 0.05 respectively). 
The ANOVA and MANOVA analyses conducted by the statistics team at 
Forest Research indicated no further significant differences with respect to shoot 
length or shoot biomass. However, root length of control plants was found to be 
significantly longer than that of the plant grown with T harzianum T22 (P < 0.01) 
using univariate (ANOVA) analyses. When multivariate analyses were conducted 
(MANOVA) significant differences between the treatments were seen with the treated 
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plants (T. harzianum T22 and T. Wrens G41) having shorter but heavier roots than 
controls (P < 0.05). 
2.5 Discussion 
Both seed dry dusting and root dipping in conjunction with an initial soil drench are 
suitable methods for inoculating plants with T harzianum T22 and gaining the desired 
plant growth promotion (sunflower seedlings produced the same trends with both 
methods). Both dry dusting and root dipping clearly delivered sufficient T. harzianum 
T22 to result in a positive response. Dry dusting may in fact deliver more T 
harzianum T22 (by weight) to the seed but root dipping delivers T. harzianum T22 
directly onto the developing root. T harzianum T22 must spread from the seed coat 
onto the root when dry dusting is used. Root-dipping removes the problem of seeds 
that don't germinate and also allows seeds of equal size and vigour to be chosen 
which is desirable for experimental purposes. From a practical point of view however, 
dry dusting would be far quicker especially on a large (field) scale. 
A temperature of 25°C seems to be effective at obtaining significant growth 
promotion resulting from inoculation with T harzianum T22 for pea plants and wheat 
but not for sunflowers which showed only significant growth promotion as a result of 
T. harzianum T22 inoculation at 30°C. This indicates that the effects of T. harzianum 
T22 are dependant on the plant species, with some plants responding better to 
inoculation than others (in this case peas and wheat responded better than sunflowers) 
and that effects are temperature dependant. The optimum growth temperature for T 
harzianum T22 is 30°C. At lower temperatures, growth promotion was seen in the 
majority of cases but often, proved not to be significant (in fact peas produced very 
similar results at 15,20 and 25°C with T. harzianum T22). Prof. G. Harman (the 
creator the strain) states that the growth promoting effects are seen at temperatures 
down to 15°C. At temperatures below 15°C T. harzianum T22 will survive in the soil 
and plant growth promotion will be seen when soil temperatures rise above 15°C. Lo 
et al. (1996) demonstrated that populations of T. harzianum T22 remained at a 
population size of 105 cfu g-1 per g root dry weight of creeping bent grass after over- 
wintering during field trials in the US. Bioworks Inc., (the manufacturers of 
Plantshield HCTh) state on the usage instructions that the product becomes active at 
soil temperatures above 50° F (10°C). 
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If T. harzianum T22 is to be effective in the field worldwide then these effects need to 
be seen at lower temperatures it if is to be useful in parts of the world with lower soil 
temperatures (including Britain). Selecting and studying other rhizosphere competent 
strains that survive and grow at lower optimum temperatures (e. g. G41) would expand 
the potential market for this technology. 
Over the temperature range T. Wrens G41 responded to the increase in temperature. 
This could have been expected as most Trichoderma species have an optimum growth 
temperature around 25°C. However, T. Wrens G41 did not respond at 15 or 20°C 
which was unexpected as it is claimed to be more cold tolerant than T. harzianum 
T22. T. Wrens G41 and T harzianum T22-treated plants had significantly shorter roots 
than controls (P < 0.05) at 15°C. This was also noticeable with T. harzianum T22 at 
20 and 25°C but not with T. Wrens G41. This was unexpected as T. harzianum T22 is 
known to produce larger root systems (Harman et al., 2004a, b). The reason for this 
result is not clear but the growth period was likely to be too short to see this effect. 
Inoculation with T. harzianum T22 resulted in fairly consistent growth promotion at 
all temperatures although effects were not always significant (the method used to raise 
seedlings may have resulted in the selection of high vigour plants that are not always 
further enhanced by T harzianum T22 (Bjorkman et al., 1998)). This wide 
temperature tolerance is desirable for application into British soil as it suggests that it 
will survive, grow and promote plant growth over a range of temperatures well below 
its optimum growth temperature. 
In the microcosm experiments presented here the use of T. virens G41 had no benefit 
over T harzianum T22 at the temperature range expected during the majority of the 
time in British soils (which ranged from 2.5°C in February to 25°C by mid August at 
30 cm depth in sandy soil in Hampshire 2003 - source: Forest Research Headley 
nursery, Hampshire). 
According to this work it appears that the threshold temperature to see T. harzianum 
T22-mediated growth promotion in peas is between 10 and 15 °C which is in 
agreement with the creators and manufactures of Plantshield HCTh. 
On PDA T. harzianum T22 is certainly capable of growth down to 10°C. The use of T. 
virens G41 would only need to be considered if temperatures were expected to fall 
below 10°C. Whether these two fungal species would show these growth trends in the 
field at these different temperatures is questionable. 
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3. Effect of T harzianum T22 on the germination and growth of 
wheat seedlings in the presence of various pollutants. Investigation of 
T. harzianum T22's ability to degrade PAHs 
3.1 Summary 
This chapter examines the potential of T. harzianum T22 to degrade various 
xenobiotic compounds. T harzianum T22 must be shown to have the catabolic ability 
to degrade pollutant classes if it alone is to be used as a bioremediation product. A 
bioassay was used to determine which classes of compound may be suitable targets. 
Wheat seeds inoculated with T. harzianum T22 were grown on sand spiked with 
different classes of toxic compounds at varying concentrations in closed Petri dishes. 
The primary root length was compared with that of control seeds as an indication of 
any T harzianum T22-mediated reduction in toxicity. T. harzianum T22 showed 
tolerance and mediated growth promotion in the presence of cyanide and the PAH 
phenanthrene but not in the presence of nitroaromatic and chlorinated (both aliphatic 
and aromatic) compounds. Phenanthrene degradation was examined quantitatively in 
conical flask-based microcosms containing phenanthrene-spiked sand using gas 
chromatography. No degradation of phenanthrene was found when either wheat straw 
or bran was used as a carbon source in addition to the added phenanthrene. The 
inclusion of plants into the study resulted in less phenanthrene in the sand at the end 
of the study but it could not be certain that this was due to degradation. The use of a 
surfactant (Tween 80) and redox mediator ABTS (2,2-azinobis(3- 
ethylbenzthiazoline-6-sulphonate)) resulted in significant degradation of anthracene 
by T. harzianum T22 and phenanthrene by the white-rot fungus Coriolus versicolor. 
A PAH-degradation study was conducted on basal salt agar plates overlaid 
with a thin layer of PAH. T. harzianum T22 was grown on a micropore filter that was 
overlaid on top of the PAH layer. Production of extra-cellular enzymes capable of 
oxidising the PAH would have resulted in the disappearance of the PAH layer 
underneath the filter. Initially it was found that T harzianum T22 produced enzymes 
that led to phenanthrene degradation but this observation could not be repeated, either 
with phenanthrene or any other PAHs. 
Enzyme assays were conducted for the common xenobiotic-degrading enzymes in a 
range of physical and nutritional conditions to provide evidence for the existence of 
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PAH degradative pathways in T harzianum T22. The fungus was found to produce 
laccase but at considerably lower levels than produced by white-rot-fungi. Attempts to 
increase laccase titres with isopropanol treatment and to increase the range of 
compounds oxidized by laccase by the use of a redox mediator (ABTS) were both 
unsuccessful. 
It is concluded that like T. harzianum T 12, T22 shows an ability to tolerate (and most 
likely degrade) cyanide. It is probable that T harzianum T22 is simply tolerant to 
PAHs and if it is able to degrade them then the requirements (both nutritional and 
physical) are as yet not well defined. This is undesirable for the purposes of 
remediation. 
3.2 Introduction 
Trichoderma species have been shown to be able to metabolize a range of xenobiotic 
compounds (see chapter 1, section 1.7.1). However, these catabolic abilities are often 
species and even strain dependent (Kubicek and Harman, 1998). 
The ability to metabolize free cyanide and utilize it as a sole carbon and nitrogen 
source has been demonstrated in T harzianum strain T 12 (Ezzi and Lynch, 2002; 
2005a, b; Ezzi et al., 2003). T harzianum T12 is one of the two strains from which 
T22 was created by protoplast fusion. So it was expected that T harzianum T22 will 
maintain the ability to metabolize free cyanide. 
There are only two reports that demonstrate the ability of T. harzianum to degrade 
polyaromatic hydrocarbons. Ermisch and Rehm (1989) showed how strain IMM 1098 
could degrade anthracene in the presence of glucose. They also showed how 
immobilization of the cells (in 3% Ca-Alginate) and shaking of the liquid medium 
increased anthracene degradation. Ravelet et al. (2000) demonstrated the ability of a 
T. harzianum isolated from a PAH-contaminated sediment to degrade pyrene in liquid 
media. 
Samson et al. (1998) showed how T harzianum TH-203 could metabolize TNT and 
DNT in liquid media. A co-substrate of succinate and glucose respectively improved 
the process. A limited amount of nitrogen was essential in the case of DNT 
degradation by T. harzianum. It has been indicated that more reduced nitro groups on 
the aromatic ring are easier to metabolize than strongly oxidized nitro groups (Esteve- 
Nunez et al., 2001). Hence, this study used two nitroaromatic compounds with 
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different side groups. In theory, it is expected that the 4-nitrophenolhydrazine is less 
toxic as it is easier to metabolize (or at least easier to be modified) than O-Nitrophenol 
that contains a more strongly oxidized side group. 
There is evidence that species of Trichoderma are able to metabolize chlorinated 
compounds (Kubicek and Harman, 1998 and references therein). Chlorinated 
compounds are common pollutants and build up easily in the food chain. These 
compounds can be particularly harmful to aquatic organisms due to the stability of 
these pollutants. The experiment presented in this chapter will examine the ability of 
T harzianum T22 to reduce the toxicity of these compounds in both aliphatic (straight 
chain) form and in aromatic form. The compounds tested were trichloroethylene and 
pentachiorophenol (PCP). 
To quantify the ability of T harzianum T22 to protect wheat seeds against the toxicity 
of these compounds a semi-quantitative bioassay was used. This assay assumed that a 
decrease in the toxicity of the growth medium would result in a higher percentage of 
germination and larger plants after seven days incubation. 
Microcosm studies using PAH-spiked sand and a carbon source of wheat straw or 
bran flakes have been shown to be effective methods for studying PAH degradation in 
white-rot-fungi (Pickard et al., 1999; Ball, 2005; Matsubara et al., 2006). This study 
used these techniques to examine quantitatively T harzianum T22's ability to degrade 
the PAHs phenanthrene and anthracene. Modifications to the methodology were 
introduced to include plant mediated degradation (via an exudate-mediated co- 
metabolism). A uniquely designed study was also conducted using sterile filters 
examining PAH degradation on surface-sprayed agar plates using the theory that 
degradation results in a clearance zone as seen with bacteria (Burd and Ward, 1996). 
A great deal is known about the enzymatic degradation of various xenobiotic 
compounds by white-rot-fungi (Field, 2004). In these fungi a small number of 
commonly produced enzymes are responsible for the vast majority of these oxidations 
as many xenobiotic compounds are close structural analogues to lignin, which is the 
enzymes' natural substrate. These enzymes are not particularly substrate-specific and 
will catalyze a range of structurally similar compounds. This study used two simple 
assays to examine for the presence of five common oxidative enzymes associated with 
xenobiotic degradation. If these enzymes were detected here the benefits will be two- 
fold. Firstly, it would provide evidence that T. harzianum T22 can degrade these 
compounds. Secondly, it would provide the mechanisms that were responsible for 
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PAH degradation in T. harzianum T22. In this study the presence of the following 
enzymes was examined: Manganese peroxidase (MnP), manganese-independent 
peroxidase (MiP), laccase, lignin peroxidase (LiP), phenol oxidase and P450 mono- 
oxygenases. 
P450 monooxygenase enzymes have been shown to be involved in the 
detoxification of some xenobiotic compounds in the cells of higher organisms 
(Chroma et al., 2002). They destabilize the compounds by introducing a single 
oxygen molecule into the compound. P450 enzymes in the fungus Candida tropicalis 
have been shown to be involved in the hydroxylation of phenol to catechol (Stiborova 
et al., 2003) and mutants of P450 enzymes in Pseudomonas putida have been shown 
to be involved in the oxidation of polychlorinated benzenes (Jones et al., 2001). 
Manganese peroxidase (MnP) is produced extracellularly by certain basidiomycetous 
fungi to degrade lignin via the oxidation of Mn(II) to the highly reactive Mn(III). MnP 
is also able to oxidise a range of aliphatic and aromatic compounds including 
pentachlorophenol and 2,4,6 trinitrotoluene by the removal of hydrogen and/or an 
electron forming radicals that give rise to spontaneous oxidation, decarboxylation and 
bond-cleaving reactions (Scheibner et al., 1997a). Manganese independent 
peroxidases (MiP) are another group of peroxidase enzymes produced by the white rot 
fungi which carry out oxidation of compounds without the need to use Mn as a 
reducing substrate. Laccases are copper containing enzymes that carry out one 
electron oxidation of phenolic and related compounds via the reduction of oxygen to 
water. Laccases have also been shown to have a role in the oxidation of PAHs 
(Collins et al., 1996). Lignin peroxidase (LiP) is excreted extracellularly by the white 
rot fungi along with hydrogen peroxide and veratryl alcohol under conditions of 
nutrient limitation. LiP catalyzes the initial depolymerization step of lignin 
degradation via a one electron oxidation where veratryl alcohol is oxidized to 
veratraldehyde using hydrogen peroxide. LiP (mostly from P. chrysosporium) has 
been widely studied and has been shown to be involved in the degradation of a wide 
range of pollutant compounds including PAHs and phenols (Harvey et al., 2002). 
Phenol oxidases are produced by the white rot fungi P. chrysosporium and P. 
ostreatus and can degrade polyphenolic compounds by both monophenol (formation 
of catechol by direct interaction of hydrogen peroxide with phenol) and diphenol 
oxidase (formation of an unstable quinone via oxidative dehydrogenation of the 
catechol) activity. It is thought that Trichoderma may possess this enzyme as strains 
52 
TO and T22 were shown to be effective at detoxifying olive oil waste which contains 
phenols and polyphenols (Harman et al., 2004c and references therein). 
3.3 Materials and Methods 
3.3.1 Bioassay to determine effect of T. harzianum T22 on germination and 
growth of wheat seeds in the presence of persistent organic pollutant (POP) 
compounds 
3.3.1.1 Cyanide 
To show T harzianum T22's capacity to tolerate cyanide, solutions of KCN were 
made up by dissolving solid KCN in water. Stock solutions contained 500 ppm KCN 
(0.15g solid KCN in 300m1 RO water). Solutions were then diluted to 100,200,300 
and 400 ppm with RO water. 
Petri dishes were set up containing 50g coarse grit sand ("Silvaperl" washed 
and graded grit sand, horticultural grade, lime free, particle size < 5mm, William 
Sinclair Horticulture LTD, Lincoln). Ten ml of the appropriate KCN solution was 
added to the sand in each individual Petri-dish. Six Petri-dishes were set up for each 
concentration. Three of the plates were planted with ten wheat seeds (Triticum spp. - 
Rothamsted research, Herts. ) that were dry dusted with Plantshield HCTM containing 
T. harzianum T22. The other three plates were each planted with 10 untreated wheat 
seeds. Plantshield HCTM (a powdered form of T. harzianum T22 produced by 
Bioworks Inc. USA containing 107 spores g' on inert clay particles) was used at half 
the manufacture's recommended concentration for dry dusting the wheat seeds. (This 
concentration was determined by a brief growth experiment where wheat seeds were 
grown in the same Petri dish environment with different concentrations of T 
harzianum T22. This study indicated that the recommended concentration of T 
harzianum T22 caused seeds to rot in this environment). The concentration used was 
0.5g powder per 100g seeds (30 wheat seeds weigh approximately 1.5g). 
After planting the Petri dish lids were replaced and the dishes were placed in sealed 
containers. The sealed containers were placed in a cooled, illuminated incubator 
(Gallenkamp®) at 25°C for 7 days. Containers were opened in a fume cupboard every 
2 days to allow fresh air to circulate. During the experiment no attempt was made to 
keep systems sterile as the system needed to be robust enough to work under non- 
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sterile conditions as would be the case in a field application. However care was taken 
to ensure that T. harzianum T22-dusted and the non-inoculated control plates were 
kept separate. After seven days the germinated seeds were removed washed 
thoroughly with RO water and the length of the primary root recorded in mm. The 
percentage germination was also measured. After completion of the experiment all 
equipment and sand was detoxified for 24 hours using a standard solution made up of 
three parts sodium hypochlorite, three parts 2M sodium hydroxide and four parts 
water. 
3.3.1.1.2 Pre-germinated seed study 
To test the effects of KCN on pre-germinated seeds a second set of plates were set up. 
Pre-germinated wheat seeds (10 seeds per Petri-dish; three replicates per treatment) 
were placed on the surface of 50 g sand per Petri-dish inoculated with a 10 ml 
solution of KCN. KCN concentrations in the solutions contained 0 (control), 100, 
200,300,400 or 500 ppm KCN. Seeds were pre-germinated on wet filter paper some 
48 hours previously at 20°C. Half the seeds were inoculated with T harzianum T22; 
the other half received no inoculum (see above). The length of the primary root after 
48 hours ranged from 20-60mm (root length was highly variable despite the use of a 
large population of seeds). After placing seedlings on the sand the increase in root 
length was measured approximately every 48 hours, starting at t=0. 
3.3.1.2 Phenanthrene 
To estimate the ability of T harzianum T22 treated plants to tolerate phenanthrene, a 
similar set up as described in section 3.3.1.1 was used. Because phenanthrene is very 
insoluble in water (1.3 mg 1"1) it was dissolved in acetone first to obtain concentrations 
of 0,500,1000,1500,2000 and 2500 ppm phenanthrene. Sand (50g) was weighed 
into conical flasks and inoculated with 10 ml acetone containing phenanthrene (Fisher 
Chemicals) giving concentrations of 0,100,200,300,400 and 500 ppm phenanthrene 
in the sand. To remove the acetone the flasks were left in a fume hood until the 
acetone had completely evaporated. The spiked sand was then transferred to 
disposable Petri dishes (six for each concentration) and three were planted with F 
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harzianum T22 inoculated seeds and the other three with non-inoculated seeds as 
described before. 
3.3.1.3 Nitroaromatic and chlorinated compounds 
The bioassay for the two nitroaromatic compounds (0-Nitrophenol and 4- 
dinitrophenolhydrazine) was prepared as described for phenanthrene (section 3.3.1.2) 
at concentrations of 0,25,50,100 and 200 ppm. 
Trichloroethylene (TCE) is a liquid at room temperature, is volatile and dissolves only 
very slightly in water (max concentration 1000 ppm in water at 20°C). TCE solutions 
were made up in water containing the following concentrations: 0,250,500,1000, 
1500 and 2000ppm. To aid mixing and dispersion Tween 80 (a surfactant) was added 
to each solution including the control at a concentration of 1000 ppm. 
Pentachlorophenol (PCP) is relatively insoluble in water (0.14 g 1-1 at 20°C) so assays 
were set up using the same methodology used for phenanthrene and the nitroaromatics 
where PCP was spiked into sand using acetone at the same concentrations as the 
nitroaromatics. 
3.3.2 Quantitative analysis of PAH degradation using gas chromatography (GC) 
The bioassay gives an initial indication of whether or not T harzianum T22 is able to 
tolerate and/or degrade the pollutant in question as a significantly longer root means 
T harzianum T22 is able to survive and grow under the conditions and mediate 
growth promotion but it is not able to distinguish between the two or quantify the 
amount of degradation (if any). The following methodology was used to examine 
quantitatively PAH degradation. 
3.3.2.1 Preparation of growth substrates and T. harzianum T22 
T. harzianum T22 was raised on sterile wheat straw (a suitable growth substrate low 
in nitrogen) in 250 ml conical flasks. Wheat straw (3 g per flask) was moistened with 
a sterile mineral solution containing the following 1-1 reverse osmosis (RO) water: 2.0 
g KH2PO4,0.5 g MgSO4.7H20,0.1 g CaCl2.2H20,0.1 mg FeSO4.7H20,0.02 g 
CuSO4.5H20 and 0.01 g ZnSO4.7H20. Flasks were incubated for 7 days at 30°C. 
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Half g portions of bran flakes (a growth substrate higher in nitrogen shown to support 
production of high levels of laccase and manganese peroxidase enzymes by the white- 
rot-fungi - Pickard et al., 1999) were sterilized at 15 psi for 15 minutes in universal 
bottles. Two different growth substrates were used as the expression of enzymes 
known to be involved in PAH degradation in the white rot fungi tend to be influenced 
by nitrogenous conditions (Kapich et al., 2004). 
Fifty g portions of coarse sand were weighed into 250 ml conical flasks and sterilized 
twice at 15 psi for 15 minutes with 24 hours between runs (to ensure destruction of 
endospores). The microcosms were then oven-dried at 60°C and then aseptically 
spiked with phenanthrene as described previously. Standard concentrations were 
prepared in triplicate at 50,100,200,300 and 400 ppm to account for the proportion 
of PAH that could not be extracted (i. e. the influence of physical and chemical 
processes on phenanthrene loss). All other flasks were spiked with 400 ppm 
phenanthrene. 
Controls and treatments were prepared in triplicate for each of the three incubation 
periods for both carbon sources (see Table 3.1). 
Table 3.1: Summary of microcosms prepared for GC study of phenanthrene degradation by T. 
harzianum T22. 
Flask Concentration No. Growth Incubation Total No. 
Contents phenanthrene Replicate substrate period at Flasks 
[ppm] Flasks 30°C [days] 
Standards 50,100,200, 1 Wheat 7,14 and 28 30 
300,400 straw and 
bran 
Control 400 3 Wheat 7,14 and 28 18 
straw and 
bran 
T harzianum 400 3 Wheat 7,14 and 28 18 
T22 straw and 
bran 
All flasks had 3.5 ml sterile mineral solution added. Half g sterile wheat straw or bran 
was added to the standard and control flasks to account for any effects that the wheat 
straw or bran might have on the phenanthrene. Half 0.5 g colonized wheat straw or 
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sterile bran was added to the treatment flasks. The treatment flasks receiving bran 
were inoculated with lcm2 (cut into smaller pieces) T harzianum T22 raised growing 
on PDA. All flasks were stoppered with foam bungs and gently shaken to distribute 
the fungus and nutritional sources evenly throughout the spiked sand. Flasks were 
then incubated at 30°C for 7,14 or 28 days. 
3.3.2.2 Extraction Procedure 
For extraction of the phenanthrene, flasks were removed and 40 ml dichloromethane 
(DCM) was added to each flask containing an internal standard of 9-methylanthracene 
at a concentration of 480ppm. Flasks were sealed with rubber bungs and placed on a 
shaker at 170rpm overnight. Subsequently flasks were removed from the shaker and 
the solutions filtered into individual acetone washed 100ml bottles. To remove any 
residual phenanthrene, a second quantity of 40 ml DCM was added to the flasks, 
shaken thoroughly and also filtered into the 100 ml bottles. The filter papers were 
rinsed with a final wash of DCM to remove any phenanthrene on the filter papers. The 
DCM was then left to evaporate in a fume hood. The residue was then dissolved in 1 
ml DCM, sealed and stored until analysis at 4°C. 
3.3.2.3 GC Analysis 
The GC (6890 - Agilent Technologies) was set up with the following specifications. 
Capillary Column: 25QC2BP1 (SGE) 
Length: 25m, Diameter: 0.25mm 
Column Temperature: 290°C 
Injection Temperature: 310°C 
Detector: Flame Ionization Detector 
Injection Volume 1 µ1 
3.3.2.4 Preparation of Standard Curve 
Each of the standards (10,50,100,200,300 and 400ppm at each of the 3 incubation 
periods: 7,14 and 28 days) were analyzed using the above specifications. The peak 
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area ratios (PAR) were calculated by dividing the area of phenanthrene by the area of 
9-methylanthracene. The PAR (y) values were plotted against phenanthrene 
concentration (x). A linear trend line was plotted through the origin and the equation 
of the line was used to calculate the concentration of phenanthrene in the control and 
T. harzianum T22 flasks. 
3.3.2.5 Phenanthrene and anthracene degradation test on gravel 
A similar experiment to the one described above was conducted using coarse gravel as 
it would allow better growth of the fungi and more rapid enzyme diffusion between 
pieces compared to sand. Gravel (-5mm) was thoroughly washed with tap water and 
dried. Subsequently, 100 gram portions were weighed into 250 ml conical flasks. 
Flasks (28 in total) were covered with autoclave paper and autoclaved at 15 psi for 15 
minutes. Flasks were then dried in an oven at 60°C. 
Subsequently, 14 flasks were spiked aseptically with phenanthrene in acetone (see 
section 3.3.1.2) and the remaining fourteen flasks were spiked with anthracene to give 
concentration of 400 ppm (9 flasks) and 50,100,200,300 and 400 ppm (each one 
flask to act as standards). The acetone was evaporated off in a fume hood for a period 
of 2-3 days. 
After evaporation each flask received 5g sterile bran which was evenly distributed so 
that the bran evenly coated the surface of the gravel. Flasks were gently shaken to 
distribute some of the bran below the gravel surface. Subsequently, 15 ml sterile 
mineral medium was added aseptically to each flask. The composition of the mineral 
medium was as described before (section 3.3.2.1) except for the following additions. 
To increase degradation and bio-availability of the PAH: 1mM ABTS (2,2- 
azinobis(3-ethylbenzthiazoline-6-sulphonate; a co-oxidant shown to induce 
benzo[a]pyrene degradation by laccases in C. versicolor by Collins et al. (1996)) and 
Tween 80 1g Y' (a surfactant to increase bioavailability). 
All standards and three of the flasks spiked with 400 ppm phenanthrene or anthracene 
(acting as abiotic controls) were then sealed with a sterile foam bung. The remaining 6 
flasks per PAH were spiked in triplicate with T. harzianum T22 or C. versicolor 
(Culture No. IFO 6482 obtained from the institute for fermentation Osaka, Japan) 
grown on PDA for 7 days at 25°C. One cm2 pieces were cut into nine and aseptically 
distributed evenly onto the gravel surface. Flasks were sealed with foam bungs and 
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incubated at 25°C for 3 weeks with sterile water administered as required when the 
surface of the gravel became dry. 
Before PAH extraction, flasks were then dried in an oven at 60°C. The remaining bran 
was sieved out and the flasks extracted with an internal standard as described before. 
Samples were then analyzed for remaining PAHs by GC. 
3.3.2.6 Combined T. harzianum T22 and Plant PAH Degradation 
To quantify the ability of T harzianum T22 to degrade PAHs in the rhizosphere of 
plants five portions of sieved coarse sand (50g) were spiked with 400 ppm 
phenanthrene dissolved in acetone to ensure an even distribution of the phenanthrene 
through the sand. After acetone evaporation each portion was transferred to a 
microcosm made of a Petri dish and a cylindrical piece of A4 acetate (attached around 
the perimeter creating a 25 cm high, cylindrical microcosm) (see chapter 2). Petri dish 
lids were used to close the microcosms while ensuring exchange of gases. Each 
microcosm received 5 ml mineral solution (section 3.3.2.1). Three of the 9 
microcosms received 5 pre-germinated, non-sterile wheat seeds (germinated 48 hours 
before on filter paper moistened with RO water). These acted as biotic controls. Three 
microcosms received no plants (to act as abiotic controls) and the remaining three 
received 5 non-sterile, pre-germinated wheat seeds that had been root dipped in a 
water solution of Plantshield HC containing T harzianum T22 at a concentration of 
0.3g 1-1. All lids were replaced and the microcosms were incubated at 25°C for 25 
days with RO water administered as required. Following the removal of the plants, the 
proportion of phenanthrene remaining was determined by DCM extraction followed 
by GC analysis using the same methods as described previously. 
3.3.3 Quantification of PAH degradation using agar plates and sterile filters 
Burd and Ward (1996) and Tongpim and Pickard (1996) demonstrated how bacterial 
degradation of PAHs can be visualised by spraying basal salt agar, inoculated with a 
bacterial suspension, with PAH in chloroform, thus depositing a thin layer of PAH on 
the agar surface. Those bacteria that could degrade the PAH would form a clearing 
zone around the bacterial colony. However, fungi grow too fast on agar plates to see 
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the clearance zone created by degradative species on sprayed plates as the mycelium 
spreads faster than the clearance zone develops. 
Therefore an assay was developed using porous filters. The purpose of the 
filters used in this study was to allow nutrients and the phenanthrene to be in contact 
with the fungus and allow degradative enzymes produced by the fungi through to 
degrade the phenanthrene without allowing through the hyphae of the fungus. Hence, 
when the filter is peeled away any clearance zone (produced by the fungal enzymatic 
degradation of the phenanthrene) can be seen. 
To test whether nutritional variations effected PAH degradation by T. 
harzianum T22, three different media were used: 
1. An undefined glucose-based agar: Potato dextrose agar (PDA) 
2. A defined glucose-based agar containing (per litre) 10.0 g glucose, 4.6 g sodium 
tartrate (pH 4.5), 2.0 g KH2PO4,2.0 g ammonia L-tartrate, 0.5 g MgSO4.7H20,0.1 g 
CaC12.2H20,1 mg thiamine. HCL, 0.1 mg FeSO4.7H20,0.02 mg CuSO4.5H20,0.01 
mg ZnSO4.7H20 and 15.0 agar. 
2. Carboxymethylcellulose (CMC) agar ingredients as glucose agar but instead of 
glucose 10.0 g CMC was used. 
CMC was used as it is a likely breakdown product of cellulose and lignin (the natural 
targets of enzymes able to degrade PAHs). PDA and glucose based agar was used as 
they both mediate rapid growth of Trichoderma which should induce production of 
high enzyme titres. 
All plates were sprayed with a 2% (w/w) phenanthrene (Sigma Aldrich) solution in 
diethyl ether (Fisher) using a Preval sprayer (Sigma, UK). Diethyl ether evaporates 
very quickly ensuring a thin, even layer of phenanthrene on the surface of the agar A 
sterile micropore filter (0.45 um pores, 45mm diameter) (Fisher) was placed in the 
centre of each plate on top of the layer of phenanthrene. The filters were pre-wetted 
with sterilized RO water to aid transport of nutrients and phenanthrene through the 
filter via capillary action. 
Three fungi were used for this study: Trichoderma harzianum T22, Trichoderma 
harzianum T090 (another Trichoderma species previously shown to be sensitive to 
phenanthrene was used as a negative control; Matsubara et al., 2006. This fungus is 
also referred to as strain THI in the literature). The third microorganism was 
Schizophyllum commune (IFO 30749), a white rot fungus previously shown degrade 
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phenanthrene effectively and to produce LiP, MnP and laccase (Abadulla et al., 2000; 
Matsubara et al., 2006) was used as a positive control. Before inoculation on to the 
micropore filters the fungi were grown on PDA. A colonised piece of 5x5 mm was 
subsequently placed in the middle of each micropore filter and incubated at 25°C. 
Measuring the diameter of the growth zone daily for a period of 14 days quantified the 
growth rate. Filters were peeled back aseptically daily and the amount of degradation 
estimated as a percentage. All other growth characteristics were also noted. In 
subsequent tests this method was used to test the fungal ability to degrade anthracene 
and pyrene. 
3.3.4 Culture filtrate degradation study in wells 
Because PAH-degrading enzymes are produced extracellularly in white-rot fungi, 
centrifuged filtrate used for growing these fungi should contain PAH degrading 
enzymes. 
To test if this could be used to show PAH degradation by T. harzianum T22, four 150 
mm diameter Petri dishes were taken and filled to a depth of 5 mm with 1% pure agar. 
After setting, plates were sprayed with a thin layer of phenanthrene using a Preval 
sprayer (Sigma) and diethyl ether. After evaporation of the solvent nine evenly spaced 
wells (5 mm in diameter) were cut into the agar using a sterile borer. 
Twelve 50 ml portions of potato dextrose broth (PDB), containing 400 ppm 
phenanthrene, were transferred into twelve, 250 ml conical flasks before being 
autoclaved for 15 minutes. Three flasks were left uninoculated to act as controls. One 
cm2 (cut into 16 smaller pieces) of T. harzianum T22, T090 or S. commune were 
aseptically inoculated into the remaining nine flasks (three flasks per fungus). All 
flasks were bunged and incubated on a shaker at 60 rpm (to prevent settling of the 
phenanthrene) at 25°C for 7 days. After incubation the contents of the flasks were 
centrifuged at 3000 rpm for 5 minutes. 
The filtrate was then transferred into the wells in the Petri dishes. Three wells were 
filled from each flask. The Petri dishes were left at room temperature and were 
inspected at 24 and 48 hours for clearance zones (which would be created as the 
active enzyme filtrate diffused through the agar). Results were monitored more 
closely by examining and photographing the progress of the degradation using a light 
microscope and microscope slide sprayed with phenanthrene containing a drop of the 
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active filtrate. Photographs were taken at 3 hour intervals of a specific point on the 
plate to see if individual phenanthrene crystals were shrinking. 
3.3.5 Enzyme Assays 
White rot fungi tend to produce POP-degrading enzymes under ligninolytic conditions 
which include low levels of nitrogen, high oxygen and presence of manganese. To test 
if this was the case with T harzianum T22, it was grown under a range of physical 
and nutritional conditions. The conditions examined were as follows: Temperature (20 
and 30°C), pH (3.5-7) and growth period (4 and 8 days) in liquid media (potato 
dextrose broth) Growth on wheat straw and bran (which will test the effect of nitrogen 
level as wheat straw is low in nitrogen while bran is higher in nitrogen) for 3-14 days 
as enzyme production can be dependent on the stage of growth determined by the 
changes in nutritional conditions over time. Enzymes were crudely extracted from 
solid growth media using phosphate buffered saline as these enzymes are produced 
extracellularly. Schizophyllum commune was included as a positive control. This 
fungus has been shown to be capable of producing MnP, LiP and Laccase (Abadulla 
et al., 2000). The two fungi were grown in PDB for 4,7 and 14 days at 30°C. To 
further examine the effect of different media on enzyme production T harzianum 
T22, T090, S. commune and C. versicolor were assayed for enzyme production in 
glucose broth during 14 days growth at 25°C. 
3.3.5.1 Assays to quantify Manganese Peroxidase (MnP), Manganese- 
independent Peroxidase (MiP) and Laccase 
The following chemicals were added to 1.5 ml disposable cuvettes to test for the 
presence of peroxidases and laccases: in the order given (the DMP last). 
Total peroxidase: 150µl 500mM sodium malonate, 150µl 10mM manganese sulphate, 
250µl supernatant, 150pl 4mM hydrogen peroxide, 650µl water and 150µl 10mM 
dimethoxyphenol (DMP). MiP: 150µ1 500mM sodium malonate, 150µ1 10mM 
ethylenediaminetetraacetic acid (EDTA), 250µ1 supernatant, 150µl 4mM hydrogen 
peroxide, 650µl water and 150µ1 10mM DMP. Laccase: 150µl 500mM sodium 
malonate, 150µl 10mM manganese sulphate, 250µl supernatant, 5µl catalase, 800µ1 
water and 150µl 1OmM DMP. Blank 1: 150µ1 500mM sodium malonate, 150µl 
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10mM manganese sulphate (or 150µ1 10mM EDTA for MiP), 250µl supernatant, 
150[d 4mM hydrogen peroxide (for total peroxidase and MiP), 800µl water (or 950µ1 
for laccase) and 5µl catalase (for laccase). Blank 2: 1350µl water and 150µ1 DMP. 
Cuvettes were then incubated at 30°C for 10 minutes to allow the colour to develop. 
Readings were taken at 469nm against water. An increase in absorbency indicated a 
positive result. (Dimethoxyphenol (DMP) turns from colourless to orange as it is 
oxidized). 
The 2 blank values were added together and subtracted from all values. The control 
reading was then subtracted from the experimental reading. MnP was calculated as 
follows: Total peroxidase - (MiP + laccase). All negative readings were taken to be 
zero for this calculation. Positive values indicated presence of the active enzymes. 
3.3.5.2 Assays for Lignin Peroxidase (LiP) and Phenol Oxidase 
To quantify the presence of LiP and phenol oxidases the following chemicals were 
added to 1.5 ml disposable cuvettes. LiP: 150µl 500mM sodium tartrate, 250µ1 
supernatant, 150µl 4mM hydrogen peroxide, 700µ1 water and 250 tl 0.16mM azure B. 
Phenol oxidase: l50pl 500mM sodium tartrate, 250µl supernatant, 5µl catalase, 850µl 
water and 250µ10.16mM azure B. Blank 1: 150µl 500mM sodium tartrate, 250pl 
supernatant, 5µl catalase (for phenol oxidase), 150p1 4mM hydrogen peroxide (for 
LiP) and 950 / 1100µl water. Blank 2: 1250µ1 water and 250µl 0.16mM azure B. 
Cuvettes were incubated at 30°C for 10 minutes to allow the colour to develop. 
Readings were taken at 651nm against water. A decrease in absorbency indicated a 
positive result. (Azure B turns from deep to pale blue indicating a positive result). 
The 2 blank values were added together and subtracted from all values. The 
experimental reading was then subtracted from the control reading. 
Positive values 
indicated presence of the active enzymes. 
3.3.5.3 The use of Isopropanol to increase laccase titres 
in liquid culture 
Crowe and Olsson (2001) demonstrated how laccase titres could 
be increased by 14 
times in the plant pathogenic fungus Rhizoctonia solani 
by addition of 5% (w/v) 
isopropanol to liquid media without decreasing biomass production. 
As laccase was 
shown to be produced by T harzianum T22 but at 
lower levels compared to the white- 
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rot-fungi, increasing the levels of laccase production would be desirable to promote 
laccase-mediated degradation of xenobiotics. Hence, the isopropanol theory was 
tested as follows: 
Conical flasks (250 ml) were set up in triplicate containing 50 ml of glucose-based 
broth sterilized at 15 psi and 121°C for 15 minutes. T. harzianum T22, T090 or S. 
commune were then added by inoculating with a 1cm2 colonised piece of colonised 
PDA. Three flasks contained broth only and were used as controls. Flasks were 
incubated at 25°C for two days before isopropanol (5% w/v) was added. 
Subsequently, samples (250 µl) were removed aseptically every 24 hours and 
analyzed for laccase activity. The concentration of isopropanol used proved to be too 
high for these fungi and growth was inhibited and laccase activity was not induced 
(data not shown). Hence, the study was repeated using controls, 0.25,0.50 and 1.00% 
(w/v) isopropanol instead of 5%. The isopropanol was added at day five instead of 
day two (to ensure that a larger, more established fungal culture had developed). All 
treatments were carried out in duplicate. Samples of culture broth were then removed 
aseptically and analyzed for laccase activity at 24 hour intervals. The effect of 
isopropanol on biomass production was also determined. 
3.3.5.4 Cytochrome P450 Assay 
P450 monooxygenase enzymes are involved in the detoxification of some xenobiotic 
compounds (Chroma et at., 2002). Hence, an experiment was conducted to assay for 
their presence in T. harzianum T22. 
T. harzianum T22, T090 and C. versicolor were grown in triplicate in 250 ml conical 
flasks containing 50 ml glucose broth for 4,7 and 14 days at 25°C. As P450 enzymes 
are not produced extracellularly the fungal biomass in the flasks was transferred to a 
blender and macerated. The resulting suspension was centrifuged for 5 minutes at 
4000 rpm to spin down the cell debris. From each sample a 10 ml sample of the 
supernatant was taken and frozen at -80°C until analysis. 
Before analysis, each sample was thawed and a3 ml portion was transferred to a test 
tube. A small spatula of sodium dithionite was added and the solution mixed on a 
WhirlymixerTM. The solution was then divided into two 1.5 ml portions and 
transferred to two cuvettes. The absorbance of both samples was read simultaneously 
over the range 400-490 nm in a spectrophotometer (Kontron Uvikon 860). One 
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sample was removed and CO bubbled through the sample for 30 seconds (the carbon 
monoxide binds to the P450 and changes the absorbance at the region between 400- 
490 nm). The samples were then rescanned and the spectra compared. A peak in the 
second spectrum indicates P450 activity. 
3.3.6 Statistical Analysis 
Root length in the bioassay, PAH degradation and enzyme production was compared 
using a one-tailed, unpaired student's t-test (95% confidence interval). Where there 
were more than two variables, one-way analysis of variance (ANOVA) was used with 
the statistical package Instat 3. 
3.4 Results 
3.4.1 Bioassays 
3.4.1.1 KCN 
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Fig 3.1: Effect of KCN concentration (0-500 ppm) on the primary root length of wheat seedlings grown 
for 7 days at 25°C with 7: harzianum T22 () against a control (+). Wheat seeds were grown on 
50g 
coarse sand in 9 cm diam Petri dishes. T harzianum T22-treated seeds were dry 
dusted with 0.5g 
Plantshield HC ' per 100g seeds (n=30). Error bars show the standard error above and below the 
mean. 
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KCN had very little effect on primary root growth at concentrations below 100 ppm 
(Fig 3.1). This was a contrast to previous data (UniS M. Sc. Project, unpublished) 
where concentrations of KCN < 100 ppm had strong negative effects on germination 
and growth especially in controls. At concentrations above 100 ppm KCN root growth 
was inhibited in the non-inoculated treatments by around 80% and in the inoculated 
treatments by around 70% while the percentage germination decreased from 90-95% 
to around 75% for both control and T. harzianum T22-treated seeds. However control 
seeds did germinate and grow (in contrast to previous work). This could have been 
due to a smaller volume of KCN being present in the system (1 Oml KCN was added 
per plate in this study instead of the 20ml used in the aforementioned M. Sc. Project) 
although the concentrations were the same). 
Plants grown with T harzianum T22 had significantly longer roots (- 15 mm) than the 
controls at 200,300 and 400 ppm (P < 0.01,0.001 and 0.0005 respectively). Plants 
grown with T. harzianum T22 were not significantly larger at 0,100 and 500 ppm (P 
> 0.05). 
3.4.1.2 KCN pre-germinated seeds 
The pre-germinated seedlings grew differently to the seeds (Figs 3.2 and 3.3). Control 
pre-germinated seeds failed to survive above 200 ppm with the exception of just 2 
plants. T. harzianum T22-coated plants survived at 300 and 400 ppm and even started 
to grow again after approximately 5 days (Fig 3.3). At 500 ppm two T harzianum 
T22-inoculated plants survived. 
66 
Fig 3.2: Effect of KCN concentration (0- 200 ppm) on the primary root length of pre-germinated wheat 
seedlings grown with T. harzianum T22 for 2( yellow bars) and 5 (pink bars) days at 25°C compared to 
a control. Blue bars show the root length at time of planting (d = 0). Wheat seeds were grown on 50g 
coarse sand in standard Petri dishes. Wheat seeds were germinated on filter paper at 25°C 48 hrs prior 
to use. T. harzianum T22-treated seeds were dry-dusted with 0.5g Plantshield HCTm per 100g seeds 
(n=20). Error bars show the standard error above and below the mean. 
Fig 3.3: Effect of KCN concentration (300-500 ppm) on the primary root length of pre-germinated 
wheat seedlings grown with T harzianum T22 for 2 (yellow bars), 5 (pink bars), 7 (green bars) and 9 
(purple bars) days at 25°C compared to a control. Blue bars show the root length at time of planting (d 
= 0). Wheat seeds were grown on 50g coarse sand in standard Petri dishes. Wheat seeds were 
germinated on filter paper at 25°C 48 hrs prior to use. T 
harzianum T22-treated seeds were dry-dusted 
with 0.5g Plantshield HCTm per IOOg seeds (n=20). 
Error bars show the standard error above and below 
the mean 
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Fig 3.2 and 3.3 Notes: 
1) Once plants reached a certain size they could no longer be measured in the Petri dish due to lack of 
space. These were disposed of as they were clearly growing readily at day 5. 
2) When rotting was seen some average increases worked out below zero. For simplicity these ww ere 
plotted as zero. 
3.4.1.3 PAH - Phenanthrene 
Phenanthrene had no effect on the germination of wheat seeds. A decrease in primary 
root length of approximately 50% was seen between 0 and 10 ppm with both control 
and T harzianum T22-treated seeds (Table 3.2). Further increases in phenanthrene 
concentration had no significant further effect in reducing primary root length. 
Growth stimulation in the presence of T. harzianum T22 was variable. However, T 
harzianum T22 inoculated plants were 45 and 30% larger than the non-inoculated 
controls (P < 0.01) when grown in the presence of 600 and 700 ppm phenanthrene 
respectively. 
Table 3.2: Effect of phenanthrene concentration (0-700 ppm) on the primary root length of wheat seeds 
grown on sand at 25°C in the presence/absence of T. harzianum T22 for 7 days. Values in brackets 
show the standard error of the mean (n=30). 
Concentration 
phenanthrene [ppm] 
Average germinated primary root length 
[mml 
Control T22 
0 125(4.9) 123(7.1) 
10 58(4.8) 64(3.0) 
25 47(3.5) 57(2.7) 
50 50(2.9) 41(3.3) 
100 48(3.3) 51(3.3) 
200 49(2.8) 34(2.3) 
300 46(3.4) 40(3.8) 
400 36(4.1) 39(2.6) 
500 33(3.4) 41(3.4) 
600 21(2.4) 38(2.9) 
700 28(3.7) 40(3.4) 
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3.4.1.4 Nitroaromatic and Chlorinated compounds 
Table 3.3: Effect of Nitroaromatics O-Nitrophenol and 4-Nitrophenolhydrazine (concentration 0-200 
ppm) on the germination and primary root length of wheat seeds grown on sand at 25°C in the 
presence/absence of T. harzianum T22 for 7 days. Values in brackets show the standard error of the 
mean (n=30). 
O-Nitrophenol 4-Nitrophenolhydrazine 
Concentration 
[ppm] and 
treatment 
No. seeds 
germinated 
[out of 30] 
Primary root 
length [mm] 
Concentration 
[ppm] and 
treatment 
No. seeds 
germinated 
[out of 30] 
Primary root 
length [mm] 
Control seeds Control seeds 
0 22 131(8.3) 0 26 136(3.9) 
25 24 57(4.8) 25 29 91(5.0) 
50 24 21(1.5) 50 25 65(2.8) 
100 23 7(1.1) 100 22 27(1.9) 
200 0 0(0) 200 22 12(1.2) 
T22-treated 
seeds 
T22-treated 
seeds 
0 29 136(6.6) 0 24 143(5.6) 
25 26 48(3.5) 25 25 82(5.8) 
50 24 19(1.4) 50 27 58(2.7) 
100 25 9(0.8) 100 21 30(1.6) 
200 4 3.5(0.4) 200 19 12(1.2) 
0-nitrophenol proved to be a powerful toxin to the wheat seeds and strongly affected 
the percentage germination at 200 ppm (Table 3.3). The effects on germination were 
only slight between 0 and 100ppm. However, a dramatic decrease was seen between 
100 and 200ppm with none of the 30 control seeds germinating at 200 ppm. 
O-Nitrophenol also strongly inhibited primary root growth. It proved to be more toxic 
than any compound tested so far. However, there does not appear to be a 
concentration where primary root length decreased dramatically (like seen for KCN 
and phenanthrene) with root length decreasing proportional with concentration. 
As expected, 4-nitropheno1hydrazine proved to be less toxic than the 0-nitrophenol 
(Table 3.3). This compound still strongly affected germination and primary root 
length. There was no evidence of T. harzianum T22-mediated protection. 
Trichloroethylene (TCE) had little effect on percentage germination of seeds but did 
decrease primary root lengths by up to 33% at a TCE concentration of 2000 ppm. 
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T harzianum T22-treated seedlings produced longer roots (P < 0.05) at 250 ppm 
TCE. 
Pentachlorophenol (PCP) proved to be very toxic to both pre-germinated seeds and to 
those sown directly onto the spiked sand. Concentrations of just 25ppm caused a 
reduction in primary root length of approximately 75-80% (P < 0.001) and a reduction 
in germination percentage of around 50% (P < 0.001). There was no significant T 
harzianum T22-mediated growth promotion at any concentration with either seeds 
sown directly or those that were pre-germinated. Above 25 ppm PCP germination and 
root length remained fairly constant (data not shown). 
3.4.2 PAH degradation 
3.4.2.1 Growth on wheat straw and bran 
Table 3.4: Effect of T. harzianum T22 on the degradation of phenanthrene when grown on wheat straw 
and bran for 7,14 and 28 days at 30°C in sterile microcosms. Sand was spiked with 400 ppm 
phenanthrene (n=3). Phenanthrene concentrations remaining in control and T. harzianum T22 
microcosms calculated by using the equation derived from the five standards. Values in brackets show 
the standard error of the mean. 
Growth Substrate and 
incubation time 
Standard Curve R 
trendline value* 
Remaining 
concentration of 
phenanthrene [ppm] 
in control microcosms 
Remaining 
concentration of 
phenanthrene [ppm] 
in T. harzianum T22 
microcosms 
Wheat Straw 7d 0.9656 400(0) 400(0) 
Wheat Straw 14 d 0.8395 390(10) 333(34) 
Wheat Straw 28 d 0.9788 400(0) 400(0) 
Bran 7d 0.9716 400(0) 393(4) 
Bran 14 d 0.9939 400(0) 400(0) 
Bran 28 d 0.9930 377(11) 396(2) 
* R` value indicates consistency of standard values. A value of 1.0 indicates a perfect fit and y en 
consistent data. 
There was very little evidence to suggest that T harziamum T22 was able to degrade 
phenanthrene under the conditions provided. Some degradation was seen after 14 days 
with wheat straw (Table 3.4) but the extraction results of the standards was erratic (R2 
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= 0.8395). This was not found to be significant (P = 0.09). Further degradation was 
not seen after 28 days growth with wheat straw. No degradation was seen with bran as 
the carbon source after 7,14 or 28 days growth. 
3.4.2.2 Phenanthrene and anthracene degradation test with T karzianum T22 
and C versicolor 
Table 3.5: Effect of T. harzianum T22 and C. versicolor on the degradation of phenanthrene and 
anthracene when grown on bran for 7 days at 25°C in sterile microcosms. Gravel was spiked with 400 
ppm PAH (n=3). PAH concentrations remaining in control, T. harzianum T22 and C. versicolor 
microcosms calculated by using the equation derived from the five standards. Values in brackets show 
the standard error of the mean. 
PAH Standard Curve Remaining Remaining Remaining 
RZ trendline concentration of concentration of concentration 
value* phenanthrene phenanthrene of 
[ppm] in control [ppm] in T. phenanthrene 
microcosms harzianum T22 [ppm] in C. 
microcosms versicolor 
microcosms 
Phenanthrene 0.9944 367(18) 378(22) 317(25) 
Anthracene 0.9735 301(6) 278(5) 302(1) 
* R` value indicates consistency of standard values. A value of 1.0 indicates a perfect fit and very 
consistent data. 
Whereas C. versicolor degraded -50 ppm more phenanthrene than T. harzianum T22 
and the control, these differences were not significant (Table 3.5). T. harzianum T22 
degraded -25 ppm more anthracene than C. versicolor (P < 0.01) and the control (P < 
0.05). 
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3.4.2.3 Combined T22 and Plant PAH Degradation 
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Fig 3.4: Effect of wheat seedlings with and without T. harzianum T22 root inoculation on the 
degradation of phenanthrene in sand spiked with 400 ppm phenanthrene. Five pre-germinated plants 
were grown per microcosm for 25 days at 25°C (n=3). Error bars show the standard error above and 
below the mean. PAR values represent the proportion of phenanthrene remaining and take into account 
differences in extraction efficiency between microcosms. 
All wheat seedlings grew well in both the plant control and T harzianum T22 
microcosms. There were no significant differences between the plant controls and the 
plants grown with T harzianum T22 with respect to shoot length and biomass or root 
length and biomass (data not shown). However, the amount of phenanthrene 
recovered from the plant control and T harzianum T22-plant microcosms was only 
half the amount recovered from the control (P < 0.001 and 0.005 respectively). There 
was no significant difference between the plant controls and the T. harzianum T22 
inoculated plants. 
3.4.2.4 Study of PAH degradation using agar plates and sterile filters 
3.4.2.4.1 Growth on phenanthrene-sprayed plates 
All three fungi grew on all three media with and without phenanthrene. Growth on 
PDA and glucose agar (GA) was rapid (Trichoderma growth becoming confluent after 
just 3 days, S. commune after -5 days). Growth was thinner on GA than on PDA with 
all three fungi. The mycelium was twice as thin on CMCA with all three fungi 
compared to growth on PDA. On CMCA S. commune only reached -60 mm colony 
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Control Rant Control T. harz ianum T22 
diameter by day 14. However, S. commune did grow better in the presence of 
phenanthrene compared to un-sprayed plates (growing 20 mm more on CMCA with 
phenanthrene and an extra 15 mm on GA with phenanthrene after 14 days growth). 
The presence of phenanthrene had no significant effect on the growth rate of the two 
T. harzianum species. 
3.4.2.4.2 Degradation of phenanthrene 
The first clearance zones were seen on GA with all 3 fungi. GA appeared to be the 
most suitable media to induce phenanthrene degradation (Figs 3.5a, b and c). All 
fungi showed some ability to degrade phenanthrene when grown on CMCA as well as 
GA. However, after about 10 days, phenanthrene degradation on CMCA plateaued 
and subsequently, no more degradation occurred (Figs 3.5a, b and c). This `plateau 
effect' occurred at a different percentage of clearance for each fungus; namely 25% 
clearance with T harzianum T22, -40% with T harzianum T090 and -60% with S. 
commune. This `plateau' effect also occurred with T. harzianum T22 on PDA at 10- 
15% (Fig 3.5a). Clearance on GA and CMCA observed was expected for S. commune. 
S. commune did not degrade phenanthrene on PDA (where T harzianum T090 and to 
a lesser extent, T22 did). Of the three fungi T. harzianum T22 was the slowest 
degrader under these conditions. 
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Fig 3.5a: Average percentage degradation of phenanthrene crystals from agar surface by T. harzianum 
T22 when grown over a period of 14 days at 25°C on potato dextrose agar (PDA) ("), 
carboxymethylcellulose agar (CMCA) (a) or glucose agar (GA) ( ). Plates were surface-sprayed with 
phenanthrene using diethyl ether. The solvent was allowed to evaporate before inoculation. Error bars 
show the standard error above and below the mean (n=3). Where no error is visible the error is smaller 
than the icon or there was no variation between replicates. 
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Fig 3.5b: Average percentage degradation of phenanthrene crystals from agar surface by T. harzianumn 
T090 when grown over a period of 14 days at 25°C on potato dextrose agar (PDA) (+), 
carboaymethylcellulose agar (CMCA) (u) or glucose agar (GA) ( ). Plates were surface-sprayed with 
phenanthrene using diethyl ether. The solvent was allowed to evaporate before inoculation. Error bars 
show the standard error above and below the mean (n=3). Where no error is visible the error is smaller 
than the icon or there was no variation between replicates. 
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Fig 3.5c: Average percentage degradation of phenanthrene crystals from agar surface by S. commune 
when grown for a period of 14 days at 25°C on potato dextrose agar (PDA) ("), 
carboxymethylcellulose agar (CMCA) (. ) or glucose agar (GA) ( ). Plates were surface-sprayed with 
phenanthrene using diethyl ether. The solvent was allowed to evaporate before inoculation. Error bars 
show the standard error above and below the mean (n=3). Where no error is visible the error is smaller 
than the icon or there was no variation between replicates. 
Subsequent studies with anthracene, and pyrene showed no evidence of degradation 
on any media with any fungi (although the fungi grew well on the surface-sprayed 
plates except S. commune which grew poorly on GA and CMCA that were sprayed 
with pyrene). 
It was thought possible that degradation may have occurred and that a water insoluble 
product was formed. If this were the case it would look like nothing had changed on 
the plate. To ensure no degradation had occurred samples of the crystalline layer 
underneath the filters were removed from 1 of each of the triplicate plates and from 
the filter control plates and dissolved in chloroform (which effectively dissolves 
anthraquinone -a common breakdown product of anthracene). Samples were 
analysed by GC to determine if any possible metabolites were present. GC analysis 
indicated that no anthraquinone or other possible hydrocarbon metabolites were 
present in any of the experimental samples. 
In an attempt to explain the success of the first study and the subsequent failure of 
other attempts three other white rot fungi (Coprinus cinereus, Phaseolus coccineus 
and Pleurotus ostrealus) were grown on PDA and GA in the presence of 
phenanthrene, anthracene and pyrene using the same methods over a 4-week period. It 
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is well known and accepted that these fungi can produce the associated degradative 
enzymes and metabolize PAHs. The initial study using T. harzianum T22 on PDA and 
GA with phenanthrene was also repeated in an attempt to recreate the positive results 
of the first study. Plates were examined at weekly intervals for zones of PAH 
degradation. Filters were kept moist with sterile RO water in an attempt to maintain 
diffusion of compounds between the fungus and the surface of the agar. 
The three white rot fungi also failed to produce any degradation of any of the three 
PAHs tested over the 4-week period. The white rot fungi grew well on the PDA and 
GA (growing across the entire plate surface except C. cinereus that grew poorly on 
GA. The T. harzianum T22 strain growing in the presence of phenanthrene also failed 
to reproduce the positive result seen in the first study. 
ABTS (a co-oxidant; see section 3.3.2.5) was also incorporated into the media as an 
attempt to stimulate degradation. Although all cultures produced laccase (clearly seen 
as ABTS turns the media green in the presence of laccase) no degradation was seen 
with any fungus on either phenanthrene or anthracene sprayed plates. 
3.4.2.5 Culture filtrate degradation study in wells 
No clearance zones were observed after 24 or 48 hours in any of the wells on any of 
the four plates either with the naked eye or under the microscope. 
3.4.3 Enzyme Assays 
3.4.3.1 Effect of varying growth conditions on enzyme production by T. 
harzianum T22 
Laccase activity was detected after 8 days growth at both temperatures (20 and 30°C) 
and at acidic (3.5), natural medium pH (-4.5) and at neutral pH (Table 3.6). At neutral 
pH (alkalified), laccase activity was decreased by about 2/3 suggesting an acidic pH 
to be preferable. No enzyme activity was detected after four days growth under any of 
the conditions tested. MnP was not detected at any time. MiP was detected after 8 
days growth at 20°C. LiP and phenol oxidase were detected at low levels after 4 days 
incubation in acidified PDB. 
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Laccase activity was detected at similar levels to that on acidified PDB when grown 
on wheat straw after 5 days but level decreased after 13 days. Wheat straw did not 
induce any other enzyme activity except some low level phenol oxidase at both 5 and 
13 days. Bran produced very little activity after 5 days but stimulated production of all 
5 enzymes after 13 days with LiP and phenol oxidase detected at more notable levels. 
Low-level MnP was detected at both 5 and 13 days growth. 
Table 3.6: Effect of carbon source, pH and temperature on the production of oxidative enzymes by T. 
harzianum T22. T. harzianum T22 was grown in pH-modified potato dextrose broth (PDB) and on bran 
and wheat straw in a sand-based microcosm. Results show a single replicate. 
Increase in Ab [X = 469nm] - Decrease in Ab [X _ 
Control 651nm] - Control 
Incubation pH in Temp MiP Laccase MnP LiP Phenol 
period PDB [°C] Oxidase 
[days] 
4 Natural 30 0 0 0 0 0 
(4.75) 
Acidified 30 0 0 0 0.037 0.021 
(3.50) 
Alkalified 30 0.003 0 0 0.009 0 
(6.50) 
Natural 20 0 0 0 0 0 
(4.75) 
8 Natural 30 0 0 0 0 0 
(4.75) 
Acidified 30 0 0.113 0 0 0 
(3.50) 
Alkalified 30 0 0.039 0 0 0 
(6.50) 
Natural 20 0.072 0.093 0 0 0 
(4.75) 
Incubation Carbon Temp MiP Laccase MnP LiP Phenol 
period Source [°C] Oxidase 
[days] 
5 Bran 30 0 0 0.031 0 0.029 
13 Bran 30 0.013 0.023 0.025 0.124 0.064 
5 Wheat 30 0 0.100 0 0.008 0.040 
Straw 
13 Wheat 30 0 0.037 0 0.004 0.011 
Straw 
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3.4.3.2 Comparison of enzyme production by different fungi in PDB and GB 
Table 3.7: Production of oxidative enzymes by T. harzianum T22 and S. commune in potato dextrose 
broth (PDB) over a period of two weeks growth at 25°C. Values in brackets show the standard error of 
the mean, n=3. 
Days inc. at Enzyme* Fungus 
25°C in 
PDB 
T harzianum T22 S. commune 
4 Mii 0.033x (0.003) 0(0) 
Laccase 0.007(0.004) 0.103 (0.021) 
MnP 0(0) 0(0) 
LiP 0(0) 0(0) 
Phenol 
Oxidase 
0(0) 0(0) 
7 MiP 0.029 (0.004) 0(0) 
Lactase 0.06 a 1 0.004 0.318 (0.021) 
MnP 0(0) 0(0) 
LiP 0.151 (0.047) 0(0) 
Phenol 
Oxidase 
0.098 (0.012) 0(0) 
14 MiP 0.054(0.025) 0.087a (0.007) 
Laccase 0.121a (0.024) 0.288 (0.012) 
MnP 0(0) 0(0) 
LiP 0.145a (0.033) 0.249a (0.030) 
Phenol 
Oxidase 
0.001(0.001) 0.184 (0.024) 
* MiP, Laccase and MnP values calculated by: Increase in Ab of Dimethoxyphenol (DMP) - Ave 
Control (), = 469nm). 
LiP and Phenol oxidase values calculated by: Decrease in Ab of Azure B- Ave Control (k = 651 nm). 
ANOVA used to compare differences between fungi. a indicates that the activity is significantly greater 
than zero. Subsequent letters indicate significant differences between fungi. 
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Table 3.8: Production of oxidative enzymes by T. harzianum (T22 and T090), S. commune and C. 
versicolor in glucose broth (GB) over a period of two weeks growth at 25°C. Values in brackets show 
the standard error of the mean, n=3. 
Days inc. at Enzyme* Fungus 
25°C in T. harzianum T. harzianum S. commune C. versicolor 
Glucose Broth T22 T090 
3 MiP 0.007 0(0) 0.001 0(0) 
(0.004) (0.001) 
Laccase 0.003 0(0) 0.008 0.001 
(0.002) (0.006) (0.001) 
MnP 0(0) 0(0) 0(0) 0(0) 
LiP 0.002 0(0) 0.008 0.015 
(0.002) (0.003) (0.011) 
Phenol 0.002 0.012a 0.012a 0.023 
Oxidase (0.002) (0.002) (0.004) (0.001) 
6 MiP 0.004 0.004 0.003 0.141 a 
(0.002) (0.002) (0.003) (0.027) 
Laccase 0(0) 0.010 0.022 0.216 
(0.008) (0.021) (0.004) 
MnP 0(0) 0(0) 0(0) 0(0) 
LiP 0(0) 0.006 0.035 0.015 
(0.006) (0.020) (0.013) 
Phenol 0.002 0.008 0.019 0.010 
Oxidase (0.002) (0.004) (0.012) (0.010) 
7 MiP 0.022 0.041 0.011 0.259 
(0.009) (0.020) (0.010) (0.022) 
Laccase 0.020 0.105 0.013 0.2901b, ' 
(0.007) (0.045) (0.009) (0.022) 
MnP 0(0) 0(0) 0(0) 0(0) 
UP 0(0) 0.008 0.031 0.011 
(0.008) (0.009) (0.011) 
Phenol 0(0) 0.020 0.019 0(0) 
Oxidase (0.015) (0.011) 
9 MiP 0.033 0.047 0.008 0.406 
(0.004) (0.018) (0.004) (0.026) 
Laccase 0.044 0.074 0.015 0.386 
(0.005) (0.021) (0.007) (0.031) 
MnP 0(0) 0(0) 0(0) 0(0) 
LiP 0.004 0.002 0.002 0.002 
(0.002) (0.002) (0.002) (0.002) 
Phenol 0.002 0(0) 0(0) 0(0) 
Oxidase (0.002) 
13 MW 0(0) 0(0) 0(0) 0.808 
(0.082) 
Laccase 0(0) 0(0) 0(0) 0.854 
(0.050) 
MnP 0(0) 0(0) 0(0) 0(0) 
LiP 0.020 0.022 0.003 0.068 
(0.020) (0.008) (0.003) (0.008) 
Phenol 0.016 0.003 0.018 0(0) 
Oxidase (0.016) (0.003) (0.017) 
* MiP, Laccase and MnP values calculated by: Increase in Ab of Dimethoxyphenol (DMP) - Ave 
Control (X = 469nm). 
LiP and Phenol oxidase values calculated by: Decrease in Ab of Azure B- Ave Control O= 651 nm). 
ANOVA used to compare differences between fungi. a indicates that the activity is significantly greater 
than zero. Subsequent letters indicate significant differences between fungi. 
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T. harzianum T22 produced low level (but significant) MiP activity after 4 and 7 days 
growth and steadily increasing laccase activity that was significant after 7 and 14 days 
growth (Table 3.7). S. commune produced significant MiP activity after 14 days 
growth that did not differ significantly from the level produced by T harzianum T22. 
S. commune produced laccase activity at a significantly higher level than T. 
harzianum T22 on all occasions. MnP was not detected at any time with either fungus. 
Significant LiP and phenol oxidase activity was detected in the filtrate of T. 
harzianum T22 after 7 days growth but not in the filtrate of S. commune. The 
significant LiP activity remained in T harzianum T22 after 14 days but the phenol 
oxidase activity did not. S. commune produced significant Lip and phenol oxidase 
activity after 14 days incubation in PDB. 
When S. commune was grown on wheat straw (data not shown in Table 3.7) LiP and 
phenol oxidase activity were detected after 14 and 21 days growth (a significant 
activity of between 0.2 and 0.3). No MiP or MnP activities were detected. 
T harzianum T22 did not produce any strong evidence of enzyme activity in 
GB (Table 3.8) (although it did produce laccase when grown on solid GA (see section 
3.4.2.4.2). T harzianum T090 produced laccase after seven days growth but this 
activity decreased with increasing incubation time (Table 3.8). S. commune produced 
no enzyme activity and grew poorly indicating a possible problem with the inoculum. 
C. versicolor produced high levels of MiP and laccase throughout the incubation 
period that were significantly higher than any other fungus tested and increased with 
incubation time. The low level of MiP production by the Trichoderma spp. was not 
significant. This was proved as the samples taken after 6 and 7 days growth were left 
to incubate for 24 hours (so the reaction went to completion). These were then re- 
measured C. versicolor values for MiP increased over the incubation period while T 
harzianum values remained the same. This technique was also used to show that the 
Trichoderma species were producing laccase but at significantly lower levels than C. 
versicolor (as laccase readings increased significantly during this incubation period). 
No MnP activity was detected for any of the fungi in GA. LiP was detected in C. 
versicolor after 13 days growth and phenol oxidase was detected in T harzianum 
T090, S. commune and C. versicolor after 3 days growth at very low (but significant) 
levels (-0.020 - Table 3.8). 
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3.4.3.3 Use of Isopropanol to increase laccase production in T. harzianum T22 
Table 3.9: Effect of Isopropanol (0-1% by wt) on laccase production by T. harzianum T22 in glucose- 
based broth. Values shown are average increase in OD (469nm) as a result of laccase-induced oxidation 
of DMP minus the blank (n=2). Samples were incubated for 15 minutes at 30°C. 
Conch Incubation time after addition of isopropanol [hrs] 
isopropanol 
[% by wt] 
0 24 48 72 96 
Control 0 0.004 0 0 0 0 
0.25 - 0.008 0.008 0 0.002 
0.50 - 0 0.006 0.003 0.005 
1.00 - 0 0.005 0.001 0.001 
T22 0 0.047 0.048 0.032 0.068 0.047 
0.25 - 0.025 0.018 0.020 0.034 
0.50 - 0.011 0.029 0.028 0.015 
1.00 - 0.011 0.024 0.019 0.016 
The addition of isopropanol did not cause an increase in laccase activity in T 
harzianum T22. In fact it caused a decrease proportional to the concentration (Table 
3.9). Isopropanol did not have a negative effect on the growth of T. harzianum T22 
despite the fact that it decreased laccase production. There were no significant 
differences between biomass dry weights produced at the different isopropanol 
concentrations (data not shown). 
3.4.3.4 P450 Assay 
No absorbance peaks were detected in the 400 - 490 nm region with any of the three 
fungi at 4,7 or 14 days incubation, indicating that P450 mono-oxidases were not 
produced by any of the fungi tested. 
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3.5 Discussion 
The results suggest that T. har-zianum T22 provides some level of protection against 
KCN between at concentrations between 100 and -400 ppm. Below 100 ppm KCN 
did not significantly affect plant growth while at concentrations > 400 ppm T. 
harzianum T22 did not provide any protection against KCN toxicity. The harmful 
effects of KCN are likely to be respiration-related. It is possible that at a concentration 
between 50-200 ppm KCN significantly inhibits a vital component in the respiration 
pathways of the wheat seeds by inhibiting electron transport. Tamura et al. (1995) 
demonstrated how KCN inhibited oxygen uptake by fine roots of pear rootstocks. The 
CN- molecule may also bind to, and prevent the function of a wide variety of proteins 
in the wheat seed cells, including intracellular enzymes, which, in turn will affect 
metabolic activity (Vance 2002). KCN is also known to repress transpiration in plants 
(Yu et al., 2005). Such effects are dose-related and it is apparent that below 50ppm 
the KCN concentration is too low to cause toxicity in wheat seedlings. 
The relatively small decrease in germination percentage caused by KCN could be 
explained by the work of Kasai et al. (1998) which demonstrates how wheat seeds 
apparently use a respiration pathway during the first 24 hours of growth to which 
KCN does not cause toxicity. Subsequently, (post 24 hours) respiration switches to an 
alternative pathway that is KCN-sensitive. 
Figure 3.3 illustrates the "restart" in growth only seen with the T. harzianum T22- 
treated seeds. It is most likely that T harzianum T22 decreases the toxicity by 
metabolizing a proportion of the cyanide. Two cyanide-degrading enzymes (cyanide 
hydratase and rhodanese) have been isolated and identified in T harzianum strain 
T12 (Ezzi and Lynch, 2002) which is closely related to T22. The results shown in Figs 
3.2 and 3.3 suggest the mechanism of protection is enzyme-related as immediate 
protection was not seen with the pre-germinated seeds. It took these seeds around 7 
days to restart root growth at 300 and 400 ppm. It is likely that during this time T. 
harzianum T22 produced and released degradative enzymes that converted the 
cyanide into non-toxic products. 
It is unlikely that the larger plants produced by T. harzianum T22 were due to the 
normal plant growth promotion effects of T. harzianum T22, as growth promotion 
was not observed with the controls. It is therefore reasonable to conclude that the 
observed effects were caused by a reduction in KCN toxicity. Detoxification as the 
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mechanisms resulting in increased plant growth is also supported by the fact that 
plants began to grow again after 7 days whereas the non-inoculated controls did not. 
Plant growth promotion induced by T harzianum T22 is due to several factors, 
including protection against pathogens, increased nutrient uptake by the plant and 
induced `plant hormonal' effects (Harman et al., 2004a). Under the conditions tested 
only `plant hormonal' effects could have played a role. Ecologically, there is good 
reason why rhizosphere-competent microorganisms might be able to degrade cyanide 
as it is a common plant defence mechanism against soil pathogens. Hence, in order to 
colonize the root, rhizosphere-competent microorganisms must be able to counteract 
this defence mechanism. 
The toxicity caused by the poorly soluble components tested, such as PAHs, appear to 
be dependent on the water solubility of the compounds. The solubility of 
phenanthrene in water is 1.3 mg L-1 meaning a decrease in root length was seen 
between 0- 10 ppm but further increases in concentration caused no further toxicity 
as no more phenanthrene would dissolve in the water phase. T. harzianum T22 was 
clearly tolerant to phenanthrene as significant growth promotion was found indicating 
that growth promotion can occur when plants are subjected to potentially toxic 
compounds. There was no T. harzianum T22-mediated growth promotion with either 
of the nitroaromatic compounds tested (Table 3.3). This was likely to be due to the 
relatively high water solubility (and hence bioavailability) of O-Nitrophenol (-0.2 g I- 
1) compared to phenanthrene making it more toxic to the wheat seeds. TCE was only 
moderately toxic due to the fact that it is immiscible in water. There was some 
evidence of T. harzianum T22-induced growth promotion probably due to the low 
toxicity of TCE to T. harrzianum T22. PCP proved very toxic despite its low 
solubility in water (0.14 mg 1-1 water at 20°C). As with phenanthrene adding a higher 
concentration of the compound did not increase the toxicity because the extra PCP 
would not dissolve and would therefore not be bio-available. Methods by which PCP 
induces toxicity include destruction of the cell wall and increased cell wall 
permeability by destruction of lipids, alteration of intercellular proteins (preventing 
their function), interference with enzymes preventing metabolic function and 
interference with nucleic acid synthesis (Vance, 2002). 
Whereas the bioassay tests carried out here show that T harzianum T22 is not 
effective at degrading most of the compounds tested (except KCN) it is possible that 
the nutritional requirements necessary for the degradation by T. harzianum T22 were 
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not met. The bioassay only supplies T harzianum T22 with nutrition from the seed 
itself and any exudates produced as the seedling grew. It is possible that the carbon 
and / or nitrogen sources are limiting, unsuitable or present in the wrong proportions 
to degrade the nitroaromatics and PCP. For the purposes of this project T harzianum 
T22 must be able to target these compounds in field conditions in association with 
plants. Therefore, chlorinated and nitroaromatics do not appear to be suitable targets 
for T harzianum T22. 
Reports that do exist showing T. harzianum degradation of these compounds are 
almost always in liquid media. Clearly for the application of remediation in the field 
this has to be shown to work on solid growth media and ideally in association with 
plants (hence the design of the assays and the lack of studies in liquid growth media in 
this chapter). 
The majority of the evidence in this chapter suggests that T harzianum T22 is tolerant 
to, but not capable of metabolizing phenanthrene. This could be because T harzianum 
T22 does not produce any of the oxidative enzymes that degrade this compound or it 
doesn't produce them in high enough quantities. The ionization potential of 
phenanthrene (8.31 mv) maybe too high to be attacked by the laccase shown to be 
produced by T harzianum T22 (Collins et al., 1996). This would certainly be the case 
without a redox mediator. Secondly, the conditions in the microcosm could be 
unsuitable despite the fact that they have been shown to be suitable for white rot fungi 
to degrade phenanthrene (Ball, 2005). The nutrition may not be suitable to encourage 
the fungus to produce high enough levels of oxidative enzymes such as laccase. 
Laccase-mediated degradation of a range of PAHs including phenanthrene and 
anthracene have been demonstrated using redox mediators such as ABTS amongst 
others (Xu et al., 2001 and references therein). Hence, a more likely explanation is 
that the laccases produced were not stable under these conditions and/or did not 
diffuse sufficiently from the mycelium throughout the sand to degrade a detectable 
quantity of PAH. The partial success of the coarse gravel study suggests this maybe 
the case (although C. versicolor did not degrade anthracene which it would have been 
expected to do via the laccases it produces). The enzyme assays suggest that laccase is 
stable in liquid media so diffusion may have been the problem. With hindsight, the 
agar well experiment could have been repeated using ABTS which was used in the 
gravel study. This may have provided further evidence to suggest that diffusion was 
the limiting factor in the unsuccessful studies. 
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Providing other chemicals into the system that are known to stimulate PAH- 
degrading enzymes (Cu2+ for laccase and veratryl alcohol for lignin peroxidase) as 
well as the surfactant Tween 80 may all have helped achieve a successful result. 
There are a number of possible explanations to explain the apparent success of 
the combined plant and T. harzianum T22 phenanthrene degradation study. Firstly, 
phenanthrene is absorbed effectively to the hydrophobic regions of the plant root 
surfaces and could in that way be removed from the systems without significant 
degradation. To prove this, phenanthrene should have been extracted from the plant 
roots and analysed by GC. Secondly, phenanthrene could have been taken up into the 
plant roots without further degradation. Thirdly, phenanthrene was taken into plant 
root cells and metabolized. Although phenanthrene is very insoluble in water and 
uptake by roots would be expected to be very low, uptake of PAHs including 
phenanthrene into plant tissues is known to occur (Xu et al., 2005) as is plant 
metabolism of PAHs (Chroma et al., 2002). Li et al. (2001) demonstrated how 90% of 
applied 14C-labeled phenanthrene was transformed in 24 days in a very similar 
microcosm study with wheat making this a realistic possibility of what occurred in 
this instance. The majority of 14C metabolites of phenanthrene were detected in the 
shoots (no actual phenanthrene was detected in the shoots). 14CO2 was also detected 
indicating complete mineralization and translocation. 
A fourth possibility is plant root exudates stimulated the extracellular metabolism of 
phenanthrene by T harzianum T22 by acting as a nutritional source and/or a co- 
metabolite. Fifthly, microorganisms present on the plant seed coat mediated 
metabolism of the phenanthrene and that their numbers could be stimulated by T. 
harzianum T22. This possibility is supported by work carried out by Greensmith 
(2005) who found that phenanthrene-metabolising bacteria were up to 10 times more 
abundant in the rhizosphere of T. harzianum T22-inoculated pea plants compared to 
non-inoculated plants. Sixthly, a combination of plant and microbial activity caused a 
co-metabolism of the phenanthrene. The fact that T. harzianum T22 microcosms had 
less phenanthrene than the plant controls (PAR = 0.286 compared to 0.314) suggests 
that T harzianum T22 may have aided/contributed to whichever process occurred 
despite the fact that this difference was not significant. It is likely that T. harzianum 
T22 increases plant uptake of PAHs (see chapter 4). 
The reason for the one-off success of the filter degradation technique remains unclear. 
The fact that all three fungi showed signs of degradation (including the negative 
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control -T harzianum T090) on that one occasion would suggest that a 
contaminating organism (with the ability of degrade phenanthrene) was present. If this 
were the case it was not visible on the filters or the agar at any time. The fact that S. 
commune produced no degradation on PDA whereas T. harzianum T22 and T090 did 
also questions this hypothesis. It also suggests that the nutritional requirements of S. 
commune to degrade phenanthrene vary from those of the Trichoderma spp. and that a 
different pathway / enzyme system is involved. It remains a possibility that a subtle 
physical or nutritional difference existed (fortuitously) in the first study and that this 
was vital for the success of the system that was not present in subsequent attempts. If 
this was the case, this factor was not identified. 
The failure of the degradation study using wells bored into phenanthrene-sprayed agar 
showed that when grown in PDB neither Trichoderma spp. nor S. commune produced 
any extracellular metabolites powerful enough to oxidise phenanthrene. With S. 
commune this was not surprising as it failed to produce degradation on PDA plates 
which contain a relatively high concentration of nitrogen. 
The patterns of enzyme production were erratic but seemed to be determined 
by the nutritional content of the media. It could be shown that T harzianum T22 
produced low levels of laccase while LiP might be another enzyme that is produced 
by T harzianum T22 samples. The latter was unexpected as LiP is associated with 
white-rot-fungi and no reports exist in the literature stating any UP activity in 
Trichoderma. Because levels detected were low, it is possible that that this was a false 
positive. It should be noted that the enzymes that were quantified in these assays are 
not always required to degrade POP compounds. Verdin et al. (2004) showed that 
some Trichoderma and Fusarium species could degrade benzo{a}pyrene without 
production of peroxidases. They also showed that degradation was not correlated with 
laccase production. Sutherland et al. (1991) showed that P. chrysosporium could 
oxidize phenanthrene when lignin peroxidase was not detected. The involvement of a 
monooxygenase and an epoxide hydrolaxe was suggested. 
This study, therefore, did not exhaustively examine all possible enzyme systems or 
growth conditions including the possible effect of carbon to nitrogen ratio on 
degradation of PAHs (known to be important for the expression of some enzymes). 
This was simply because the aim of the project was to study the potential of T 
harzianum T22 for use in bioremediation. If T harzianum T22 is to be successful for 
this purpose catabolic abilities must be expressed constitutively as physical, 
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nutritional and biological factors will vary enormously in the field and they are often 
very difficult to control. Hence, if precise conditions are required for degradation then 
the use of T. harzianum T22 in bioremediation of the tested POPs is of little practical 
value. This is also the reason why extensive PAH degradation studies in liquid media 
with low levels of PAH were not carried out as those conditions are irrelevant in a 
field situation. 
Crowe and Olsson (2001) reported that isopropanol-mediated lactase stimulation was 
thought to be due to alcohol-induced membrane disruption which results in a cellular 
response similar to that of heat shock which can regulate laccase genes. The authors 
also suggested that calcium influx (as a result of membrane disruption) and oxidative 
stress may contribute to an increase in laccase activity. It is possible that T. harzianum 
T22 resists these effects as laccase activity was not stimulated. Increasing laccase 
production (the most likely oxidative enzyme that T. harzianum T22 has been shown 
to produce) could aid the breakdown of xenobiotics. Addition of Cue+, glucose 
oxidase or hydrogen peroxide to the medium might have been effective ways of 
stimulating laccase production by T. harzianum T22 that were not attempted. 
Collins et al. (1996) demonstrated how the co-oxidant 2,2-azinobis-3- 
ethylbenzthiazoline-6-sulphonate (ABTS) could be used to induce the degradation of 
benzo(a)pyrene and increase the degradation of anthracene by laccases from Coriolus 
versicolor. The co-oxidant is thought to work by increasing the range of compounds 
that can be oxidised by increasing the range of oxidation potentials that the enzyme is 
able to use. This occurs as ABTS is thought to act as an electron carrier which 
transfers an electron to the enzyme allowing electron transfer to occur. This theory did 
produce some positive effects in the PAH degradation study with gravel using T. 
harzianum T22 and C. versicolor. 
The fact that P450 enzyme activity was not detected eliminates the possibility that 
these enzymes could contribute to any potential xenobiotic-degrading ability. 
This study has been unable to expand the knowledge of the range of 
xenobiotic compounds that T. harzianum T22 is able to degrade with the possible 
exception of degrading phenanthrene and anthracene under very specific (and so far 
undefined) conditions. T. harzianum T22 only produced low levels of laccase but was 
tolerant to PAHs growing readily in their presence. Hence, it is suggested that T 
harzianum T22 may best be grown on roots in the presence of recognised xenobiotic- 
degrading microorganisms. The growth promotion would increase the spread of the 
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roots and POP-metabolising microbial flora in the rhizosphere and therefore 
potentially improving both phytoremediation and rhizoremediation. 
88 
4. Studies into the effect of T. harzianum T22 on plant growth and 
soil microbial numbers in the presence of organic pollutants in soil 
4.1 Summary 
In this chapter the ability of T. harzianum T22 to promote the growth of sunflower 
plants and microbial activity in its rhizosphere was investigated. It was hypothesised 
that this could lead to enhanced bioremediation of soils polluted with organic 
pollutants. To test this hypothesis the effect of different inoculation densities of T. 
harzianum T22 (0.1-1.0 g kg" soil) on the growth of sunflowers grown in soil 
polluted with increasing `creocote' (a creosote substitute) concentrations (0-2.5 % by 
weight) was investigated. Because phenanthrene is a common component of 
`creocote', the effect of T. harzianum T22 on phenanthrene-degrading bacteria in bulk 
and rhizosphere soil with and without `creocote' was quantified to study the monitor 
effects on 'creocote'-degrading bacteria. Increasing the quantity of T. harzianum T22 
had no significant effect on plant growth although there was evidence that a larger 
initial quantity of T. harzianum T22 gave rise to a larger population of T harzianum 
T22 in the soil and on roots. T harzianum T22 promoted the growth of sunflowers in 
`creocote'-contaminated soil (2.5% w/v). This effect was slowly reversed as plants 
matured. This was likely due to T harzianum T22-mediated increased plant uptake of 
`creocote' constituents. T. harzianum T22 did not stimulate total numbers of bacteria 
on roots in the control treatments or in `creocote'-contaminated soil. Neither did it 
stimulate phenanthrene-degraders in control soil on either roots or in bulk soil. 
Inoculation with T harzianum T22 resulted in a small increase in the total bacterial 
numbers in contaminated bulk soil after 6 weeks. T. harzianum T22 did appear to 
increase phenanthrene-degrading bacterial numbers in the presence of `creocote' on 
roots but this could not always be tested for significance due to zero counts or single 
surviving replicates. 
To test the ability of T. harzianum T22 to resist `creosote' toxicity, `creocote'- 
amended PDA was inoculated with T harzianum T22 and its growth quantified. T22 
survived and grew well on `creocote'-amended PDA showing no significant 
differences in growth rate between the control and `creosote' concentrations of 100 
and 250 ppm. It was concluded that T harzianum T22 shows some potential for use as 
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a promoter of phytoremediation by promoting plant growth and increasing the 
numbers of natural xenobiotic-degrading bacteria around the plant roots but the 
apparent increase in phyto-uptake of harmful constituents presents a problem. It is 
suggested that the use of hyper-accumulating plant species (that could withstand the 
increase in uptake of contaminants) in conjunction with T. harzianum T22 merits 
attention. 
4.2 Introduction 
It has been demonstrated that the presence of T. harzianum T22 on plant roots 
promotes plant growth, resulting in the larger, stronger and faster-growing plants 
(Harman, 2000). This has obvious advantages for agriculture. It has also been 
proposed that T. harzianum T22 may be able to metabolize a variety of persistent 
organic pollutants (POPs) (Harman et al., 2004c). The metabolism of these 
compounds will result in reduced toxicity, allowing better plant growth and survival. 
Whereas a catabolic ability against POPs apart from cyanide and polyphenolics could 
not be demonstrated, T harzianum T22 showed tolerance to PAHs (Chapter 3). 
Plants aid remediation of contaminated soil in several ways including uptake of heavy 
metals (Ward, 2000), direct metabolism of contaminants (Chroma et al., 2002) and 
stimulation of microbial activity by providing nutrition via root exudation, aeration of 
the soil and improved soil structure through root spread that leads to enhanced 
degradation of organic pollutants in the rhizosphere (Cunningham et at, 1996). 
Hence, even if T. harzianum T22 is unable to catabolize the POP compounds directly, 
its effects on plant growth (and root exudation) and its solubilizing abilities (T. 
harzianum T22 has been shown to solubilize MnO2, metallic zinc and rock phosphate; 
Altomare et al., 1999) could result in an increase in available nutrients for both the 
plant and the indigenous microflora (some of which may be able to degrade the 
pollutants) stimulating biological activity resulting in soil remediation. Furthermore, 
the rhizosphere system increases the chances of co-metabolism (as many plant 
exudates act as co-metabolites) of pollutants (Cunningham et al., 1996). It was 
hypothesized that as T harzianum T22 is tolerant to PAHs then this protection maybe 
transferred to inoculated plants. Demonstrating that T harzianum T22 can protect 
plants from the toxicity of POP compounds in soil is an important step required for 
the advancement of this technology at the commercial level. To test this, soil 
90 
contaminated with creosote substitute `creosote' was used here. Changes in toxicity 
(as a result of T. harziamum T22 inoculation) were monitored in terms of plant growth 
(as opposed to quantitatively measuring `creosote' degradation because of the 
difficulties associated with extracting such a complex pollutant from soil). 
Creosote/coal tar creosote is a wood preservative comprising of a complex mixture of 
many organic compounds, which includes hydrocarbons (including PAHs) (85%) and 
phenol-based compounds (15%). The preservation of wood (for protection against 
wood rot fungi) has lead to a large amount of contaminated land in areas where wood 
was treated with creosote. Creosote was cleared for both amateur and 
professional/industrial use under the Control of Pesticides Regulations (1986) by the 
Health and Safety Executive (HSE). EU concerns regarding its carcinogenicity lead to 
additional controls being implemented in 1994 which included maximum permitted 
concentrations of benzo-alpha-pyrene, to less than 0.005 % by mass and water- 
extractable phenols to less than 3% by mass. Further research lead to further evidence 
of carcinogenic properties and hence, the Department for Trade and Industry (DTI) 
instructed the HSE to ban its use by amateurs. This came into force in June 2003 with 
retailers prevented from selling creosote in May 2003. Industrial use by professionals 
continues to be permitted. 
Subsequently, creosote substitutes have been produced for amateur use. These are 
often called `creocote'. Establishing the differences in constituents between the two 
products is difficult because (1) the formulation of such products is legally 
confidential to the producers and (2) the constituents the coal tar creosote vary 
substantially between batches as a result of the source and preparation process of the 
coal tar. It has been shown that the concentrations of PAHs varied 2-20 fold between 
four different creosote products (ATSDR 2002 and references therein). The HSE state 
that the active ingredient in such substitute products is dichlofluanid (-0.4%) also 
present in coal tar creosote. 
While this makes comparison between studies difficult it is important to remember 
that the vast majority of the constituents remain the same between coal tar creosote 
and its substitutes as do the physical properties of appearance and smell. 
If T harzianum T22 is to offer any protection to plants sown in creosote- 
contaminated soil it was hypothesised that T harzianum T22 (in the form of 
Plantshield HCTM dried powder) must be able to form actively growing mycelia in its 
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presence. Also, the fungus must subsequently associate with the plant roots resulting 
in enhanced plant growth and larger microbial populations associated with the 
rhizosphere. 
Therefore, this study aimed to: 
(1) Select a suitable plant that showed some natural tolerance to the toxicity of 
`creocote'. 
(2) Show that inoculating the chosen plant species with T. harzianum T22 would 
increase plant tolerance to contamination with `creosote' and promote plant growth. 
(3) Quantify the effects of T. harzianum T22 on soil- and root-associated microbial 
numbers. 
4.3 Materials and Methods 
4.3.1 Selection of a suitable plant species 
Five plant species were selected for the initial trial: Sunflower (Helianthus annuus) - 
Quinastra, Suffolk; Lupin (Lupinus spp. )- B&Q, Hants; Runner Bean (Phaseolus 
coccineus) - `Enorma' Suttons seeds, Torbay; Pea (Pisum sativum) - `Kelvedon 
Wonder' Mr. Fothergill's seeds LTD, Suffolk; Nasturtium (Tropaeolum majus) - 
B&Q, Hants. 
These plants were chosen for their strong, fast growth and large seeds that could be 
easily inoculated with T. harzianum T22. An added selection criterion was the ability 
of these plants to grow in poor soils. Plants that produce a single stem were desirable 
for experimental purposes, as measuring height is the easiest method of determining 
growth stimulation. 
4.3.2 Preparation of contaminated soil and seeds 
Contaminated soil was prepared using topsoil obtained from B&Q (Hants. ). 
Contaminant (Creosote substitute - `Creosote', dark brown `Mangers' - Kalon LTD, 
W. Yorkshire. HSE No. 7614) was mixed into the soil on sawdust (`Friends' - 
Sinclair LTD, Gainsborough) at a rate of 10% sawdust to 90% soil by weight. An 
MSDS of a very similar product stated the ingredients as: (1) hydrocarbon oil 20-40% 
(2) aromatic hydrocarbon oil 60-80% (3) dichlofluanid 0.4% (4) hydrocarbon 
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distillate (20% aromatic) 0.5%. Sawdust particle size ranged from -1 cm diameter 
pieces down to powder but was well homogenized. A ratio of impregnated and non- 
impregnated sawdust was used to obtain `creocote' concentrations in soil of 0,1%, 
2.5%, 5%, 7.5% and 10% by weight (Table 4.1). After adding the `creocote' on 
sawdust the soils were allowed to rest for a period of one week to allow evaporation 
of volatiles. Subsequently the soils were transferred to plastic trays containing 24 
individual modules within them. Each module was approximately 5x5 cm in width 
and 5 cm deep holding approximately 100 g of soil. Plants were sown in replicates of 
four for each `creosote' concentration. Two trays of each plant species were sown. 
One tray contained all six `creocote' concentrations in replicates of four. The second 
tray contained the same plant species but seeds were coated in T. harzianum T22 
powder prior to sowing. 
Table 4.1: Production of `creocote' -spiked soil 
Conch 
`creocote' 
in soil [% 
by wt] 
Wt 
`creocote' 
[g] 
Quantity 
`creocote' 
[ml]* 
Wt 
sawdust 
spiked 
[]*2 
Wt un- 
spiked 
sawdust 
[g] 
Total 
Wt 
Sawdust 
[] 
Total 
Wt Soil 
[g] 
10.0 250 278 250 0 250 2500 
7.5 187.5 208 187.5 62.5 250 2500 
5.0 125 139 125 125 250 2500 
2.5 62.5 69 62.5 187.5 250 2500 
1.0 25 28 25 225 250 2500 
0 0 0 0 250 250 2500 
* Density of `creocote' is 0.9g cmn 2. Sawdust absorbs >1 ml `creocote' g'' 
Seeds were watered, the seed trays covered with cloches and incubated in a 
ProcemaTm (Twickenham, UK) incubator set at 20°C (this temperature was used to 
decrease the amount of evaporation of the remaining volatile `creocote' constituents) 
and a photo-period of 16 hours. The growth of each plant species was monitored over 
a period of three weeks and the critical toxic concentration determined for each plant 
species. Evidence for T. harzianum T22 - mediated protection was quantified by 
measuring germination time and percentage germination, plant growth and 
appearance of seedlings in each treatment compared to the controls. 
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4.3.3 T. harzianum T22 Spore germination study 
To test the ability of T. harzianum T22 to resist the toxicity of `creosote' and to 
germinate and grow in its presence, similar methods to those employed by Richter et 
al. (2003) were used to create a PDA containing 'creosote'. 
Five 200 ml portions of PDA (Sigma, UK) were sterilized in separate 250 ml Duran 
bottles and kept at 80°C. To each, 2 ml of 0.1% (w/v) Tween 80 was added containing 
varying quantities of `creocote' (Table 4.2). `Creocote' is almost totally insoluble in 
water so Tween 80 was used to create a `creocote' suspension that could be mixed 
into the agar. The agar was then left to cool to 45°C. 
Table 4.2: Preparation of `creocote' - modified PDA 
Concentration 
`creocote' [ppm] 
No. mis 0.1% (w/v) 
Tween 80 
Quantity `creocote' 
added [mg] 
Total quantity PDA 
[ml 
0 2.0 0 200 
100 2.0 20 200 
250 2.0 50 200 
500 2.0 100 200 
1000 2.0 200 200 
Plates were poured using approximately 20ml of agar per Petri dish. The agar mixture 
was vigorously stirred to keep the distribution of `creocote' as uniform as possible. 
Plates were poured on ice to induce quick setting so the `creosote' remained evenly 
suspended throughout the agar. Plates for each concentration were prepared in 
triplicate. Once solidified, plates were stored in plastic bags at room temperature 
overnight to allow for the evaporation of the most volatile `creocote' constituents. 
T. harzianum T22 spores (approximately 100 cfu) were inoculated onto the plates by 
pippetting 100 p1 of a suspension of Plantshield HCT"" powder onto the centre of the 
plate. Plates were incubated at 20°C. Fungal growth was monitored by measuring 
colony width over a period of seven days. 
4.3.4 Effect of varying initial inoculation quantity of T. harzianum T22 on plant 
germination and growth in `creocote'-contaminated soil 
To test the effect of T. harzianum T22 concentration in relation to `creosote' 
contamination, five `creocote' concentrations: 0,0.1,0.5,1.0 and 2.5% (w/w) were 
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used along with five T. harzianum T22 inoculation quantities at rates of 0,0.1,0.25, 
0.5 and lg Plantshield HCTm per kg soil. All pots except those receiving no T 
harzianum T22 also had their seeds dusted with T. harzianum T22 prior to sowing. 
For the experiment, 13 cm diameter pots were used which held approximately 1 kg of 
soil {J Arthur Bowers topsoil. William Sinclair Horticulture LTD, Lincoln). Two 
hundred and fifty grams of spiked sawdust was used per kg soil to introduce the 
'creocote'. Four sunflower seeds were sown into each pot. Two pots were sown for 
each variable giving eight replicate plants per variable. The microcosms were 
incubated at 25°C in a Procema® incubator for three weeks with water provided as 
required. 
Table 4.3: Summary of replicates for T. harzianum T22 inoculation study 
`Creocote' 
concentration 
[% w/w 
Quantity T22 
[g per pot] 
Seed 
inoculation? 
No. seeds 
per pot 
No. pots No. replicate 
plants 
0 0 X 4 2 8 
0.10  4 2 8 
0.25  4 2 8 
0.50  4 2 8 
1.00  4 2 8 
0.1 AS ABOVE 
0.5 AS ABOVE 
1.0 AS ABOVE 
2.5 AS ABOVE 
At the end of the 3-week growth period plants were removed from the microcosms 
and shoot height and weight as well as root length and weight were measured. 
To check for root colonisation by T. harzianum T22, four, 2 cm pieces of root and 1g 
bulk soil were taken from each of the two pots. The pieces of root were washed 
thoroughly in sterile RO water and placed directly onto PDA. The soil was serially 
diluted in '/a strength sterile Ringer's solution. Aliquots of 0.1 ml of the 10"2 and 10"3 
dilutions were plated onto PDA, incubated for 14 days at 25°C and examined daily for 
the presence of Trichoderma colonies, assumed to be T22. 
4.3.5 Effect of T. harzianum T22 on soil and root-associated bacterial numbers 
T. harzianum T22 is known to cause changes in the protein profile produced by plants 
and causes changes in the type/quantity of exudates produced (Harman el al., 2004a). 
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This may result in a change in microbial numbers and diversities in the rhizosphere 
and bulk soil. To test if these effects were produced in 'creocote'-contaminated soil, 
sunflower plants were grown over a 6-week period with destructive samples taken at 
2-week intervals (four pots per treatment). Sunflowers were grown in 13cm diameter 
pots containing topsoil (J Arthur Bowers - William Sinclair Horticulture LTD, 
Lincoln) and coarse sawdust (lkg per 30kg soil; Friends - Sinclair, Gainsborough). 
Two control treatments were set up consisting of. (1) topsoil, sawdust and uncoated 
sunflower seeds and (2) topsoil, sawdust and T. harzianum T22-coated sunflower 
seeds. The experimental treatments were: (1) topsoil, `creocote'-impregnated sawdust 
(5% w/w) and sunflower seeds and (2) topsoil, impregnated sawdust and T. 
harzianum T22-coated sunflower seeds. A total of 64 pots were prepared. 
`Creocote' has a density of 0.9 g/cm3. Hence, to gain 5% w/w soil, 1.671 of `creocote' 
was spiked first into 1 kg of sawdust before this was added to 30 kg soil. The spiked 
sawdust was left in a fumehood over a period of two days to allow for the evaporation 
of most of the volatile constituents. The contaminated soil was then thoroughly mixed 
and placed in a sealed bag for 60 h. The 31 kg soil created was the amount required to 
fill the 32,13 cm diameter pots each holding approx. 1 kg of the soil. Control 
treatments had the same quantity of soil and sawdust but without 'creocote'. Three 
seeds were planted in each pot. The soil used (J Arthur Bowers topsoil - William 
Sinclair Horticulture, Lincoln) was sterilized by the manufacturer. Hence, 100m1 of a 
1: 10 (w/v) soil: water slurry was added to each pot using the soil on the university 
grounds to establish a microbial population in the microcosms. Two days later 5ml of 
a suspension of Plantshield HCTM in water was pipetted onto the soil at the point 
where the seedlings were emerging in all T. harzianum T22 microcosms to ensure 
inoculation was successful. 
Each system was watered from the top and base of the pot. After germination, extra 
seedlings were removed so one seedling was left in each pot. Pots were placed in a 
Procema® incubator set at 25°C and a 16 h photo-period. Plants were watered as 
required. 
At each sampling the following measurements were taken: Shoot length and 
weight as well as root weight. The total culturable aerobic bacterial population (using 
1% Tryptone Soya agar - TSA) in bulk soil and from the roots was quantified. 
Phenanthrene - degrading bacterial estimates (using basal salts medium (BSM) 
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sprayed with phenanthrene after the bacterial samples were applied and the plates had 
dried; Burd and Ward, 1996) in bulk soil and on plant roots. In the case of plant roots, 
a root mash was made from a known quantity of root (which was lightly washed in 
sterile RO water to remove soil) and a dilution series was prepared in '/4 strength 
Ringer's solution. Bulk soil samples were prepared by making a dilution series of Ig 
bulk soil in ý/4 strength Ringer's solution. 
Aliquots of 0.1 ml were then plated onto TSA or BSM at dilutions of 10"2-10"5, atfer 
which the plates were incubated at 25°C for 10 days. Bacterial numbers were 
calculated per g bulk soil or per g fresh weight root from the appropriate dilution 
plate. Root colonization by T. harzianum T22 was examined by plating out a root 
mash suspension (0.5 g fresh weight root) on PDA at 10-2 and 10'3 dilutions. The 1s` 
samples (taken after two weeks) had large numbers of contaminating bacterial 
colonies present making identification of T. harzianum T22 difficult. Hence, in 
subsequent samplings (four and six weeks) the PDA was acidified with HCL to -pH 
3.5 to prevent the majority of bacterial growth. Sawdust colonization by fungi (both 
with and without `creosote') was also examined by creating PDA pour plates 
containing 5g samples of woodchips removed from the microcosms and washed in 
sterile RO water. All plates were incubated at 25°C for 10 days. 
At week 0 total bacterial numbers and phenanthrene degraders were estimated using 
the same plating methods taking four samples from the `creocote'-spiked soil and four 
samples from the control soil. 
4.3.5.2 Preparation of agar 
4.3.5.2.1 1% Tryptone Soya agar 
One percent of the manufacturers recommended concentration of Tryptone Soya broth 
(Oxoid) was added to 11 of RO water. Subsequently 15 g agar was added and the 
mixture was autoclaved. A serial dilution of bacterial soil samples was prepared in 
sterile '/4 strength Ringer's solution and 0.1 ml of the 10-3,10-' and 10"5 dilutions was 
plated onto 1% TSA. Colony counts were taken daily for 10 days and the dilution at 
which 30-200 colonies had grown was selected for calculation of the total bacterial 
count. The average count (colony forming units - cfu) for each set of four replicates 
was calculated. 
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4.3.5.2.2 Basal Salts medium 
To create basal salt medium for the enumeration of phenanthrene degraders, 0.4g 
K2BP04,0.4g KH2PO4,0.4g (NH4)2SO4,0.3g NaCI and 15g Bacteriological agar No. 
1 (Oxoid) was added to 1I RO water. The solution was aliquoted into 492.5m1 
portions and autoclaved. 
The agar was cooled down to approx. 40°C before 2.5m1 of the following three 
solutions were filter-sterilized and added to the medium. 1) Vitamin solution 
containing (1'1) 20mg biotin, 20mg folic acid, 50mg thiamine HCL, 50mg D-calcium 
pantothenate, 50mg vitamin B12,50mg riboflavin, 200mg niacin, 30mg pyridoxal 
HCL and 20mg para-aminobenzoic acid. 2) Trace metals solution containing (1-1) 
200mg FeSO4.7H20,10mg ZnSO4.7H20,3mg MnC12.4H20,20mg CoC12.6H20,1mg 
CuC12.2H20,2mg NiC12.6H20,500mg NaMoO4.2H20 and 30mg H3BO3. 
3) Magnesium/Calcium solution: (1"1) 0.4g MgSO4.7H20 and 0.4g CaC12.2H20. 
Once poured, set and dried a serial dilution of the bacterial samples was prepared in 1/4 
strength Ringer's solution and 0. lml plated onto the medium at 10"2,10-3 and 10-4 
dilutions. The plates were left to dry before a layer of phenanthrene was sprayed with 
a Preval sprayer onto the agar surface using a 2% solution of phenanthrene in diethyl 
ether. By spraying from a distance > 50 cm the diethyl ether had evaporated before 
hitting the agar resulting in the deposition of a pure layer of phenanthrene on the agar 
surface. Colonies that produced a clearing zone (indicating phenanthrene degradation) 
were counted. Colony counts were taken daily for 10 days after which the dilution at 
which 30-200 colonies had grown was selected for calculation of the bacterial 
numbers. The average number for each set of four replicates was calculated. 
4.3.6 Statistical Analysis 
Plant growth data were analyzed using ANOVA. Significant differences between 
treatments were estimated with a Tukey-Kramer Multiple Comparisons Test to 
determine whether the presence of T. harzianum T22 increased plant growth. 
Bacterial counts were logged and then analyzed using the same test to determine 
whether the presence of T. harzianum T22 increased or decreased bacterial numbers. 
The statistical package used was Instat 3. 
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4.4 Results 
4.4.1 Plant growth study 
Plant growth data were rather erratic and inconsistent making interpretation and 
statistical analysis difficult. Hence, just the trends are included in this section along 
with the germination data. 
Sunflower and Nasturtium were the most `creocote'-tolerant plants tested. Even 
though fewer Nasturtium seeds germinated (Table 4.4) they grew more successfully 
than any other species at concentrations >_ 5% `creosote'. A large proportion of the 
sunflower seeds germinated at all `creosote' concentrations and grew better than the 
other plant species tested (except Nasturtium) at the higher concentrations. Runner 
beans were able to germinate at the higher `creocote' concentrations (Table 4.4) but 
then failed to grow. At 2.5 and 5.0 % `creosote' a long lag phase was seen for bean 
between germination and the start of a rapid growth period. Like beans, peas grew 
very well in the presence of low concentrations of `creocote' (control, 1,2.5 and to a 
lesser extent 5%). However they did not grow at the higher `creocote' concentrations. 
Lupin seeds germinated poorly (Table 4.4), grew slowly at all concentrations and 
failed to grow at concentrations above 5% `creosote'. There was no evidence of T 
harzianum T22 - mediated protection after 14 days and in fact, T harzianum T22 
appeared to cause negative effects with respect to growth and germination with the 
exception of sunflower (Table 4.4). 
From these results, sunflowers were selected for use in subsequent experiments. 
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Table 4.4: Germination data showing the number of seeds that germinated at five different `creocote' 
concentrations for the five plant species grown with or without T harzianum T22 for 21 days at 25°C. 
Values in brackets show the standard error of the mean, n=24. 
Plant species Number of seeds germinated [out of 4] after 21 days 
Concentration `Creosote' [% by weight] Total 
germinated 
[24] after 21 
days 
0 1.0 2.5 5.0 7.5 10.0 
Sunflower 3 4 4 4 4 2 210.34 
Sunflower T22 4 4 4 4* 4 3 23(0.17) 
Lupin 2 4 2 1 1 0 10(0.56) 
Lupin T22 3 3 0 1* 0 0 7(0.60) 
Runner Bean 4 4 4 4 4* 3* 23 0.17 
Runner Bean 
T22 
4 4 4 3 3 3* 21(0.22) 
Pea 3 3 2 2 0 0 10 0.56 
Pea T22 3 3 1 0 1* 0 8(0.56) 
Nasturtium 3 2 2 3 3 2 15(0.22) 
Nasturtium T22 0 2 2 1 3 2 10(0.42) 
* Seeds germinated but then one or more died at a later date. 
Over the range of toxicities tested, control sunflowers germinated at significantly 
higher percentages than the equivalent control peas and lupins (P < 0.05). Control 
Runner beans also germinated significantly better than lupin and pea seeds (P < 0.01). 
Sunflower seeds grown with T. harzianum T22 germinated more successfully than the 
equivalent lupin and pea seeds (P < 0.01) and Nasturtium seeds (P < 0.05). Runner 
beans grown with T. harzianum T22 also germinated more successfully than pea 
seeds, Nasturtium seeds (P < 0.05) and lupin seeds (P < 0.01) grown with T. 
harzianum T22. There were no significant differences between the germination 
percentages of control and T harzianum T22-treated seeds with any of the five plant 
species tested. 
4.4.2 T. harzianum T22 spore germination on `creocote'-PDA 
After two days incubation fungal growth was visible on all three plates at 0 (control), 
100 and 250 ppm 'creosote'. The average colony widths were 1.8,0.8 and 0.5 cm 
respectively. The control colony width was significantly larger than the colonies 
growing on the 250 ppm (P < 0.05) and the 500 and 1,000 ppm (P < 0.01) plates. 
After five days, fungal growth was visible on all plates at all concentrations. Colony 
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widths were 9 cm at 0,100 and 250 ppm where there was no significant difference in 
growth. Colonies were 8.4 and 4.7 cm in diameter at 500 and 1,000 ppm respectively 
(Fig 4.1). These were significantly smaller than the colonies growing on the 0,250 and 
500 ppm plates (P varied from < 0.05 to < 0.001). The T. harzianum T22 colonies 
growing on 1,000 ppm `creosote' plates were also significantly smaller than the 
colonies of T. harzianum T22 growing at 500 ppm (P < 0.001). The fungal colonies 
growing at 500ppm `creocote' were 9 cm by day six and at this time only the colonies 
of T. harzianum T22 growing at 1,000 ppm were significantly smaller (P < 0.001 for 
all plates). The fungal growth at 1,000 ppm `creocote' was 9 cm by day seven by 
which time there were no significant differences in colony width between the different 
treatments. However, growth on the control plates and the 100 ppm `creocote' was 
irregular while growth on the 250,500 and 1,000 ppm `creosote' plates was smooth 
and regular. Sporulation was occurring at day six on the control, 100 and 250 ppm 
`creocote' plates. Sporulation began at seven and eight days for the 500 and 1,000 
ppm `creocote' plates respectively. 
From the obtained data it was clear that the `creocote' was only moderately toxic to T 
harzianum T22 at the concentrations tested. Concentrations of 250ppm and below had 
virtually no effect on the fungal growth rate apart from a longer lag phase compared 
to the control. 
Fig 4.1: Colony growth of T. harzianum T22 on PDA containing 'creocote' (100-1,000 ppm) and 2m1 
0.1 % Tween 80 per 1. Plates were incubated at 20°C for 7 days (n=3). f Control,   `creocote' 100 
ppm, `creocote' 250 ppm, X `creocote' 500 ppm, X `creocote' 1,000 ppm Error bars show the 
standard error of the mean. Where no error is visible it is smaller than the icon. 
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4.4.3 Effect of varying initial inoculation quantity of T harzianum T22 on plant 
germination and growth in `creocote'-contaminated soil 
`Creocote' did not affect plant seed germination at concentrations between 0 and 1% 
(w/w). However, it did affect germination (P < 0.05) at the highest concentration 
tested (2.5% w/w see Table 4.5). The addition of various quantities of T harzianum 
T22 had no significant effect on germination at any of the `creocote' concentrations 
tested. 
Table 4.5: Effect of varying `creosote' concentration and T. harzianum T22 inoculation quantity on the 
germination of sunflower seeds at 25°C. 
Cone'1 `creocote' [% by wt] 
and quantity T. harzianum 
T22 ] 
No. germinated [out of 
8] after 3 weeks growth 
Conee 'creosote' [% by wt] 
and quantity T. harzianum 
T22 [g] 
No. germinated 
[out of 8] after 3 
weeks growth 
0.1% `Creocote' 0 T22 8 1% `Creocote' 0 T22 7 
0.1% `Creosote' 0.1 T22 8 1% `Creosote' 0.1 T22 8 
0.1% `Creosote' 0.25g T22 8 1% `Creosote' 0.25g T22 7 
0.1% `Creosote' 0.5 T22 7 1% `Creosote' 0.5 T22 7 
0.1%'Creocote' I T22 8 1%'Creocote' 1 T22 7 
0.5% `Creocote' 0 T22 8 2.5%' Creocote' Og T22 3 
0.5% `Creocote' 0.1 T22 8 2.5% 'Creocote' lg T22 6 
0.5% `Creosote' 0.25g T22 8 2.5% `Creosote' 0.25g T22 5 
0.5% `Creocote' 0.5 T22 8 2.5% `Creosote' 5g T22 7 
0.5% `Creocote' I T22 8 2.5% `Creocote' Ig T22 7 
The addition of extra T harzianum T22 had no significant effect on plant growth in 
soil contaminated with different amounts of `creocote' (Fig 4.2). However, the 
presence of T. harzianum T22 did result in 15% longer shoots at 0.1% `creocote'. This 
was only significant at 0.25g (P <0.05). An increase of 0.1% to 0.5% `creosote' 
caused an approximate reduction in shoot height of 15% on average (P < 0.01), (Fig 
4.2). An increase from 0.5 to 1% `creosote' and an increase from 1% to 2.5% 
`creocote' both resulted in significant reductions in shoot height (just over 50% in 
both instances, P<0.001). 
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Fig 4.2: Effect of `creocote' (0.1- 2.5% by weight) and T. harzianum T22 inoculation (0.1- 1.0 g per 
microcosm containing 1 kg soil) on the shoot height (mm) of sunflower seedlings grown for 3 weeks at 
25°C. Seedlings were measured at weekly intervals; week 1, a week 2, week 3. `Creocote' was 
introduced into soil on spiked sawdust. All microcosms containing T. harztanum T22 also had seeds 
dry dusted. Error bars show the standard error above and below the mean, n=8. 
The effects of `creocote' on shoot biomass (Fig 4.3) were very similar to those seen 
with shoot height (Fig 4.2). Shoot biomass decreased as `creocote' concentration 
increased. The addition of extra T harzianum T22 into the soil had no significant 
effect on the shoot biomass of sunflower seedlings. An increase of 0.1% to 0.5% 
`creocote' had no significant effect on shoot biomass (Figs 4.2 and 4.3). However, an 
increase from 0.5 to 1% `creocote' reduced shoot biomass by approximately 67% (P < 
0.001) and an increase from 1% to 2.5% gave a further reduction in biomass of just 
over 50% (P < 0.001). 
103 
Fig 4.3: Effect of `creosote' (0.1 - 2.5% by weight) and T harzianum T22 inoculation (0.1- 1.0 g per 
microcosm containing 1 kg soil) on the fresh weight shoot biomass (g) of sunflower seedlings grown 
for 3 weeks at 25°C. `Creosote' was introduced into soil on spiked sawdust. All microcosms containing 
T. harzianum T22 in soil also had seeds dry dusted. Error bars show the standard error above and below 
the mean, n=8. 
The effects of `creocote' on root length and biomass are not presented because 
sunflowers produce numerous fine roots without a major primary root. This made 
measuring root length and biomass difficult and made the data inconclusive. 
4.4.3.1 Survival of T. harzianum T22 on roots and in soil 
T harzianum T22 developed on all the plates inoculated with root samples from 
plants that were treated with T harzianum T22 and also on two control plates (0.1 and 
0.5% creosote - Table 4.6) possibly as a result of contamination between plates. 
The 10"2 soil dilution plates generated from T. harzianum T22-inoculated soil all had 
Trichoderma colonies, while the controls had none, indicating that T harziamrm T22 
survived in all inoculated soils (Table 4.6). T harzianum T22 was not more prevalent 
on plates generated from samples with low `creocote' concentrations compared with 
those from high initial T. harzianum T22 inoculation densities. 
At 10"3 dilutions Trichoderma growth was less prevalent than at 10-2 and there was 
more Trichoderma on plates originating from soils with low `creocote' 
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concentrations. However, inoculum density did not affect prevalence. This suggests 
that T. harzianum T22 survives at higher `creosote' concentrations but grows better at 
lower concentrations. These data also suggest that the concentration of `creocote' has 
a greater effect on the survival of T harzianum T22 than the initial T harzi m T22 
inoculation quantity. 
Table 4.6: Survival of T. harzianum T22 on sunflower roots and in soil contaminated with varying 
concentrations of `creosote'. Sunflowers were grown for 3 weeks at 25°C. Samples of plant root and 
serially diluted bulk soil were plated on PDA and incubated for 14 days at 25°C. Plates were examined 
for T. harzianum T22 throughout the incubation period. 
T. harzianum T22 Detected on Plate? 
Roots Soil 10" Soil 10" 
0.1% Control X X 
CREOCOTE 0.1 T22  
0.25 T22 
0. S T22   
1 T22 
0.5% Control  X X 
CREOCOTE 0.1 T22  X 
0.25 T22 I/ v  
0.5 T22  
1 T22 
1.0% Control x X X 
CREOCOTE 0.1 T22  V V/ 
0.25 T22  X 
0.5g T22 X 
Ig T22  
2.5% Control x X X 
CREOCOTE 0.1 T22   X 
0.25g T22  X 
0.5 T22 X 
1 T22  X 
4.4.4 Effect of T. harzianum T22 on bacterial numbers in soil and on roots 
4.4.4.1 Week 0 
The bacterial counts in soil with `creocote' were an order of magnitude higher than in 
the control soils (1.1 x 108 cfu g"'compared to 1.375 x 107 cfu g-1). No phenanthrene 
degraders were detected on any plate at any dilution for any sample after 10 days. 
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4.4.4.2 Weeks 2-6 
4.4.4.2.1 Plant growth data 
Plants grown in soil treated with `creocote' had extremely densely packed short, 
brittle roots, making it impossible to estimate root length. 
Table 4.7: Average plant shoot length, shoot weight and root weight of sunflower seedlings grown at 
25°C for 2,4 and 6 weeks in soil with and without 5% (w/w) `creocote' added on wood chips 
(n-4). Values in brackets are the standard error of the mean (SEM). 
Growth 
Period 
[wks] 
Treatment `Creocote' 
(5% w/v) 
Average 
Shoot 
Length 
[mm] 
(SEM) 
Average 
Shoot 
wt [g] (SEM) 
Average Root 
wt [g] (SEM) 
2 Control - 144 11.88) 1.49 (0.19) 0.40 0.08) 
T22 162 14.22 2.03 0.25 0.67 0.18 
Control + 31 1.60) 0.27 (0.02) 0.19 0.05 
T22 42(3 
. 22) 0.37 (0.03) 0.28 (0.06) 4 Control 358 27.73 11.80 1.39 1.76(0.37) 
T22 381 (23.04 10.34 (1.24 2.00 0.53) 
Control + 26(3.0) 0.032 (<0.01) 0.029 (<0.01) 
T22 35 6.19 0.099 (0.06) 0.052 (0.02) 
6 Control - 561 (11.61 30.77 (1.50 10.49 1.78 
T22 643 (32.89 35.55 (2.24) 9.72 (1.59) 
Control + 120(3 91 0.31 0.10 0.13 0.05 
T22 38 (32.69) 0.23 0.23) 0.09 (0.09) 
Inoculation with T. harzianum T22 resulted in larger plants after two weeks growth 
(Table 4.7). Longer shoots (12-35%) and more shoot ('35%) and root biomass (-45- 
65%) were found in plants grown in both control and `creocote' soil (although only T. 
harzianum T22 shoot length and shoot weight in `creosote' soil were found to be 
significantly different from the control (P < 0.01)) after two weeks growth. The 
presence of `creocote' dramatically decreased shoot length ('75%), shoot weight 
(-'80%) and root weight (-5(Y%) in all replicates after two weeks growth. 
After 4 weeks growth, control sunflowers inoculated with T harzianum T22 remained 
taller (average 23 cm) than the non-inoculated controls, but this difference was not 
significant. 
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At week six, T harzianum T22 inoculated control plants were clearly larger (Table 
4.7) producing significantly taller stems (15%, P<0.05) and more shoot biomass 
(15%, P=0.06) than the controls. In soil contaminated with `creosote', plants that 
were not inoculated with T. harzianum T22 appeared to have grown better than the T. 
harzianum T22-treated plants but these differences were not significant (P = 0.07 and 
0.38 for plant height and shoot biomass respectively). Root systems of inoculated and 
non-inoculated plants were of similar size and weight. At week 6, plants grown in 
`creocote'-contaminated soil were five times smaller than the controls or no longer 
viable. Three out of the four non-treated control plants and one out of the four T. 
harzianum T22 inoculated plants grown in soil contaminated with `creosote' survived. 
4.4.4.2.2 Survival of T. harzianum T22 in the rhizosphere of sunflower plants 
Table 4.8: Re-isolation of T. harzianum T22 from sunflower roots after growth for 2,4 and 6 weeks at 
25°C in soil with and without `creosote' (5% w/v). Diluted root mash samples were plated on PDA and 
incubated at 25°C for 10 days, n-4. 
No. of P DA plates [out of 41 with T22 
Growth Period Week 2 Week 4 Wee k 6* 
Dilution 10" 10" 10" 10-3 10" 10" 
Soil Conditions 
Control Soil, no 
T22 
0 0 0 0 0 0 
Control Soil and 
T22 
3 1 0 0 2 3 
'Creocote' Soil, 
no T22 
0 0 0 0 0 0 
`Creosote' Soil 
and T22* 
1 0 0 0 0 0 
* Only 1 surviving replicate. 
Despite the fact that the growth data clearly suggest T. harzianum T22-mediated 
growth promotion, T. harzianum T22 was not detected on all plates after two weeks. It 
was detected on 75% of the control soil plates at the 10-2 dilution but only on one of 
the four plates at the 10"3 dilution (Table 4.8). In soil spiked with `creosote', T. 
harziarnum T22 was only detected on one of the fourl0"2 plates and on none of the 10"3 
plates. 
Trichoderma was not detected on any of the plates after four weeks. This was 
unexpected as T. harzianum T22 was detected on the `creocote' impregnated wood- 
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chips after four weeks (see next section). The acidified PDA (pH 3.5) proved 
extremely effective at eliminating bacterial growth. 
Trichoderma colonies were found on half the 10-2 dilutions and 75% of the 10"3 
dilutions in the control soil but it was not detected on the one remaining 'creosote'- 
T22 plate at six weeks. Presence of T harzianum T22 in the respective control 
microcosms was expected as the T. harzianum T22-treated control plants were larger 
than the non-inoculated control plants. Identification of T harzianum T22 proved 
difficult as a number of other green fungal species grew on the control plates at week 
six (these were not seen at weeks two and four). 
4.4.4.2.3 Growth of T. harzianum T22 on the `creocote'-treated woodchips 
Table 4.9: Isolation of T. harzianum T22 from woodchips present in soil during the growth of 
sunflowers for 2,4 and 6 weeks at 25°C in soil with and without `creosote' (5% w/v). Samples of 
woodchips (5 g) were removed from the soil, washed in sterile RO water and made into PDA pour 
plates. Plates were incubated for 10 days at 25°C, n=4. 
No. of PDA pour plates [out of 4] where T22 was detected 
on woodchips 
Growth Period Week 2 Week 4 Week 6 
Soil Conditions 
Control Soil, no 
T22 
0 0 0 
Control Soil and 
T22 
0 0 0 
`Creosote' Soil, 
no T22 
0 0 0 
`Creocote' Soil 
and T22 
4 4 4 
The non-creosote treated woodchips failed to yield any Trichoderma colonies after 
two weeks in the microcosms. The only fungus that grew from these woodchips was a 
very fine, slow growing white mycelium that was present on all plates. From the 
woodchips treated with `creosote', Trichoderma colonies were isolated from all four 
plates after two weeks (Table 4.9). 
After 4 weeks in soil inoculated with T harzianum T22, `creocote' treated woodchips 
yielded Trichoderma colonies on all four plates but no Trichoderma colonies were 
recovered from woodchips that were not treated with 'creosote'. At week six, results 
were identical to those observed at two and four weeks for the eight control soils. 
However, the `creocote' chips yielded much larger numbers of fungi compared with 
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weeks two and four. Various other fungal species could be seen growing directly on 
the chips suggesting a decrease in the toxicity of the `creocote'-impregnated chips 
between weeks four and six. 
4.4.4.2.4 Bacterial counts from bulk soil 
Fig 4.4: Total bacterial counts (log cfu / g) on 1% tryptone-soya agar (TSA) in bulk soil with (+) and 
without (-) `creocote' (5% w/w) after 2,4 and 6 weeks growth at 25°C in 13cm (I kg) soil microcosms 
containing a sunflower seedling with and without T. harzianum T22. Error bars show the standard error 
above and below the mean, (n=4). 
The presence of `creocote' in the soil resulted in a significantly larger total bacterial 
population in the bulk soil with and without T. harzianum T22 at weeks two, four and 
six (P varied between < 0.05 and < 0.005). This difference was in the region of one 
order of magnitude (Fig 4.4). The presence of T. harzianum T22 had no significant 
effects on total bacterial numbers in bulk soil with or without `creosote' at any time 
compared to the control (Fig 4.4). The total bacterial population increased 
significantly in control soil without T. harzianum T22 (from 3.5 x 107 cfu g"1 soil to 
1.5 x 108cfu g-' soil, P<0.01) and in `creocote'-contaminated soil with T. harzianum 
T22 (from 3.2 x 108 cfu g -I soil - 1.5 x 109cfu g"1 soil, P<0.01) over the 
duration of 
the experiment. 
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Fig 4.5: Number of phenanthrene-degrading bacteria (log cfu / g) in bulk soil with (+) and without (-) 
`creocote' (5% w/w) after 2,4 and 6 weeks growth at 25°C in 13cm (lkg) soil microcosms containing a 
sunflower seedling with and without T. harzianum T22. Error bars show the standard error above and 
below the mean, (n=4). 
The presence of `creocote' caused a significant decrease of one order of magnitude in 
phenanthrene-degrading bacterial numbers in soil after two weeks compared to 
phenanthrene degraders in control soil (P < 0.001 without T. harzianum T22 and P< 
0.05 with T. harzianum T22). However, the population of phenanthrene degraders 
increased significantly by two orders of magnitude after four and six weeks (P < 
0.001 with and without T. harzianum T22) (Fig 4.5). T. harzianum T22 was not found 
to have had any significant effect on the phenanthrene-degrading bacterial counts at 
any time in bulk soil. Phenanthrene-degrading bacterial numbers in soil without 
`creocote' did not vary significantly during the six week experiment. In `creocote'- 
contaminated soil, the number of phenanthrene-degraders increased significantly 
(three orders of magnitude) between weeks two and four (P < 0.001 for both control 
and T. harzianum T22 treatments) and remained at this level at week 6. 
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4.4.4.2.5 Bacterial counts from plant roots 
Fig 4.6: Total bacterial counts (log cfu g' fresh wt root) on sunflower roots grown in soil with (+) and 
without (-) `creocote' (5% w/w). Seedlings were grown for 2,4 and 6 weeks at 25°C in 13cm diameter 
pots, containing 1kg soil with and without T. harzianum T22 inoculation. Error bars show the standard 
error above and below the mean, n=4 (except `creocote' and T22 at week 6 where n=1). 
The presence of `creocote' resulted in a higher total bacterial count on roots (Fig 4.6). 
This increase was around 1- 1.5 orders of magnitude and was significant for the 
control and T harzianum T22 treatments at weeks 2,4 and 6 (P < 0.001). The 
presence of T. harzianum T22 did not significantly affect total bacterial numbers on 
roots at any time in either control or `creosote'-contaminated soil (Fig 4.6). Total 
bacterial numbers on roots did not vary significantly between weeks two and four or 
between weeks four and six in control or 'creocote'-contaminated soil with or without 
T. harzianum T22. Only one T harzianum T22 seedling survived in `creocote' - 
contaminated soil at six weeks meaning significance could not be tested for. 
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Fig 4.7: Number of phenanthrene-degrading bacteria (cfu g-1 fresh wt root) on sunflower roots grown in 
soil with (+) and without (-) `creosote' (5% w/w). Seedlings were grown for 2,4 and 6 weeks at 25°C 
in 13cm diameter pots containing tkg soil with and without T. harzianum T22 inoculation. Error bars 
show standard error above and below the mean, n=4 (except `creocote' and T22 at week 6 where n=1). 
The presence of `creocote' decreased phenanthrene-degrading bacterial numbers on 
roots from 6.7 x 106 cfu g"1 fresh root (control) to non-detectable levels in microcosms 
without T harzianum T22 after two weeks. No significant decrease in phenanthrene 
degraders was found on roots inoculated with T harzianum T22 between week 4 and 
6 (Fig 4.7). Numbers increased by two orders in magnitude on roots inoculated with 
T harzianum T22 between weeks 2 and 4 (P < 0.001) and numbers of phenanthrene 
degraders in control microcosms rose from no detection to 6.1 x 10' cfu g"1 fresh root 
resulting in no significant difference between the control and T. harzianum T22 
counts in `creocote'-contaminated soil at four weeks. 
At week six phenanthrene-degrading bacterial numbers on the roots were 
approximately two orders of magnitude higher in `creosote'-contaminated control soil 
than in uncontaminated control soil (P < 0.001). Numbers of phenanthrene degraders 
were also higher (6.2 x 107 cfu g-1 fresh root compared to 1.4 x 10' cfu g1 fresh root) 
in `creocote'-contaminated soil compared to the control soil. The significance of this 
difference could not be determined due to only one surviving T. harzianum T22 
replicate. 
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As with total bacterial numbers on roots, phenanthrene-degrading bacterial numbers 
on roots in microcosms under the same conditions of `creocote' and T harzianum T22 
inoculation did not vary significantly between weeks two and four and four and six 
(Fig 4.7) except that the number of phenanthrene degraders decreased steadily in 
control soil without T harzianum T22. This was significant throughout the duration of 
the study (numbers decreased from 6.7 x 106 cfu g"lfresh root - 4.5 x 105 cfu g'1 fresh 
root, P<0.05). The dramatic increase in phenanthrene degraders in `creocote'- 
contaminated soil without T. harzianum T22 between two and four weeks (from no 
detection -6x l07cfu g71 fresh root couldn't be tested for significance. 
4.5 Discussion 
No T harzianum T22-mediated protection was seen in the initial plant growth study 
(i. e. seeds inoculated with T harzianum T22 did not germinate or grow at higher 
`creosote' concentrations than the non-inoculated controls). It was noticeable that 
some plants that were inoculated with T. harzianum T22 grew less well than the non- 
inoculated controls. This observation could be explained by the fact that the 
temperature (20°C) was too low to induce a growth response from T. harzianum T22 
(20°C was used to decrease the evaporation of volatile `creocote' constituents into the 
growth chamber). T. harzianum T22 is thought to increase plant nutrient uptake from 
the soil (Harman et al., 2004a). It is therefore possible that T. harzianum T22 is also 
able to increase the plant uptake of the constituents of `creocote'. This would increase 
`creocote' toxicity to the plant and thus reduce plant growth. 
In the Petri dish study where T. harzianum T22 was grown on `creocote'-amended 
PDA T. harzianum T22 spores survived, germinated and grew on all concentrations 
tested (up to 1,000 ppm). Richter et al. (2003) grew 18 species of mycorrhizal fungi 
and 13 species of saprotrophic fungi on creosote-amended agar (25,50 and 100ppm) 
over a period of eight weeks. Only four fungi (all white rot fungi) grew well on the 
creosote agar (at 25,50 and 100ppm). These species were Neolentinus lepideus, 
Trametes versicolor, Phanerochaete chrysosporium and Irpex lacteus. At least three 
of these four are well known to produce oxidative enzymes associated with organic 
pollutant degradation. T. harzianum T22 fully colonized a 90mm plate within seven 
days at a concentration 10 times higher than that tested by Richter et al. (2003) (albeit 
using creosote substitute). It is worth noting that only a small proportion of the 
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`creocote' would have been bioavailable at these concentrations but this would also 
have been the case with the work of Richter et al. (2003). These data present evidence 
that T harzianum T22 can indeed tolerate all and possibly degrade at least some of 
the constituents of `creosote' and possibly use them as carbon / energy sources. 
In the study examining the effect of inoculation quantity on survival of T harzianum 
T22 in `creocote'-contaminated soil (section 4.4.3), T harzianum T22 established 
effectively in the majority of the microcosms. There was evidence that the larger 
inoculation quantities gave rise to a larger population of T harzianum T22 in the soil. 
However, the extra T. harzianum T22 had no apparent effects on plant growth (either 
positive or negative). It was expected that extra T. harzianum T22 would show some 
effects (i. e. negative by increasing plant absorption of `creocote' constituents 
increasing phytotoxicity or positive by further increasing plant growth). The reason 
why positive effects were not seen maybe due to the fact that the nutritional quality of 
the soil was very good meaning sunflowers with no T. harzianum T22 or lower T. 
harzianum T22 quantities grew at their maximum growth rate anyway. If this were the 
case T. harzianum T22 growth promotion maybe partially disguised. It may have been 
beneficial to have conducted growth tests in soil with poorer nutritional content. It is 
possible that at temperatures well below the growth optimum temperature of T. 
harzianum T22 (which is 30°C) that the extra T. harzianum T22 inoculation may be 
more beneficial than it was here. 
In the study that examined the effects of T. harzianum T22 on microbial numbers in 
`creocote'-contaminated microcosms (section 4.4.4), T. harzianum T22 was detected 
on the majority of root samples indicating that T. harzianum T22 did survive and 
grow on roots in `creocote'-contaminated soil. T. harzianum T22 did not colonize the 
wood chips that were not impregnated with `creocote' but it did colonize the 
`creosote'-impregnated wood chips. It is likely that T. harrzicmum T22 can metabolize 
some components in the `creocote' (as indicated by the `creocote'-amended PDA 
experiment) and hence, was seen on the woodchips utilizing the `creosote' as a 
nutrient source. Bacterial species may also perform an initial degradation step that 
allows T. harzianum T22 to utilize the partially-degraded `creosote' constituents. The 
conditions of the rhizosphere maybe more conducive to T. harzianum T22 degrading 
`creocote' constituents than those artificial culture conditions provided in chapter 3 
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where little evidence was seen to suggest that T. harzianum T22 could degrade PAHs. 
This was also suggested in the degradation study with plants (3.4.2.3). 
T. harzianum T22 could be a useful addition to phytoremediation systems as there 
was no evidence to suggest it decreases bacterial numbers under any of the conditions 
tested. There was also initial evidence (Fig 4.7 weeks 2 and 6) that it may stimulate or 
protect the POP-degrading bacterial population in contaminated soil as well as 
promoting more efficient pollutant uptake and stimulating plants (both stems and 
roots) to grow larger. Recent work by Greensmith (2005) supported this claim, and 
demonstrated how the presence of T. harzianum T22 on plant roots gave rise to larger 
populations of PAH-degrading bacteria in phenanthrene- and pyrene-contaminated 
soil. Johnson et al. (2005) showed very similar results with inoculation of plants with 
Rhizobium leguminosarum which had a significantly larger population of PAH 
degraders as well as mediating plant growth promotion compared to non-inoculated 
plants. The presence of the rhizobial inoculum also resulted in a significantly lower 
concentration of PAHs at the end of the study compared to unplanted microcosms and 
the planted microcosms that did not receive the inoculum. Siciliano et al. (1998) 
showed how plant roots exudates stimulated microbial growth in the rhizosphere 
giving rise to larger populations of bacteria capable of degrading xenobiotic 
compounds. It follows therefore that any increase in plant growth gives rise to a larger 
root system, more root exudates, a larger rhizosphere and more xenobiotic-degrading 
bacteria (Johnson et al., 2005). Roots also have other benefits for stimulating soil 
microbial numbers by physical processes such as increased oxygen availability by 
improving soil structure and permeability to gases (Cunningham et al., 1996). These 
factors go some way to explain why the presence of a plant-growth-promoting 
microorganism that cannot degrade the xenobiotic in question can give rise to an 
increase in xenobiotic degradation. 
The reason for the death of the majority of the T. harzianum T22-inoculated plants in 
the presence of `creocote' is most likely due to T. harzianum T22 increasing root 
permeability (Harman et al., 2004a). Whereas this is often beneficial as it improves 
nutrient absorption from the soil, in this case it may have lead to increased `creocote' 
absorption, which, appeared to build up in the plant (Allard et al., (2005) showed how 
PAHs from creosote accumulated in ryegrass, clover and radish and that the level of 
accumulation showed a linear relationship with the concentration of the PAHs in the 
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soil) until a level of phytotoxicity is reached causing the plant to die earlier than the 
non-inoculated plants. This increased absorption could be potential problem if T. 
harzianum T22 is to be used as a bioremediation tool as it effectively increases the 
toxicity of the soil environment to the plant. To be effective, a more 
`creosote'/creosote tolerant plant species, would need to be used. 
5. T. harzianum T22 mediates growth promotion of Crack willow 
(Salix fragilis) saplings in both clean and metal-contaminated soil 
5.1 Summary 
Having established evidence in chapters 3 and 4 that the potential of T22 may lie in 
land stabilization and as an aid to phytoremediation, studies were conducted to see if 
T22 could be used to enhance the establishment and growth of Crack willow (Salix 
fragilis) in a soil containing no organic or metal pollutants and in a metal- 
contaminated soil by comparing this fungus with non-inoculated controls and an ecto- 
mycorrhizal formulation commercially used to enhance the establishment of tree 
saplings. Crack willow (Salix fragilis) saplings were grown in a temperature 
controlled growth room over a period of 5 weeks in a garden centre topsoil and over 
12 weeks in a soil which had been used for disposal of building materials and sewage 
sludge containing elevated levels of heavy metals including cadmium (30 mg kg"1), 
lead (350 mg kg"1), manganese (210 mg kg 1), nickel (210 mg kg-') and zinc (1100 mg 
kg"'). 
After 5 weeks growth in clean soil, saplings grown with T harzianum T22 produced 
shoots and roots that were 40% longer than those of the controls and shoots that were 
20% longer than those of saplings grown with ectomycorrhiza (ECM). T. harzianum 
T22-saplings produced more than double the dry biomass of controls and more than 
50% extra biomass than the ECM-treated saplings. After 12 weeks growth, saplings 
grown with T. harzianum T22 in the metal-contaminated soil produced 39% more dry 
weight biomass and were 16% taller than the non-inoculated controls. This is the first 
report of tree growth stimulation by application of Trichoderma to roots, especially 
important as willow is a major source of woodfuel in the quest for renewable energy. 
These results also suggest willow trees inoculated with T harzianum T22 could be 
used to increase the rate of re-vegetation and phytostabilisation of metal-contaminated 
sites, a property of the fungus never previously demonstrated. 
5.2 Introduction 
The majority of work so far on plant growth promotion with Trichoderma has been 
carried out on annual crops where the fungus is normally applied as a seed dressing 
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(Harman, 2000; Harman et al., 2004b). The potential of Trichoderma to stimulate the 
growth of trees has so far not been investigated, despite the fact that there is much 
interest in the use of trees, particularly willows, for land re-vegetation and 
stabilization. Inoculation of trees with T. harzianum T22 may therefore be of value in 
enhancing tree growth and help tree establishment (Dimitriou and Aronsson, 2005; 
Lynch and Moffat, 2005). Mycorrhizal fungi have been widely shown to increase the 
growth of various plants and tree species, usually by increasing P uptake, and helping 
protect plants from various root-associated diseases. An advantage for T harzianum 
T22 is that it can be grown and cultured easily. T harzianum T22 is also available 
commercially as spores on inert clay particles making application even simpler. 
Because T. harzianum T22 is in its effect in many ways similar to mycorrhiza it is 
hypothesised that T. harzianum T22 could be applied to trees giving a similar effect as 
mycorrhizal applications. However, because it is implied that plant growth promotion 
is partly due to increased nutrient uptake it is also hypothesised that inoculation of 
trees with fungi that increase nutrient uptake could be detrimental in cases where the 
soil contains toxic metals that could cause phytotoxicity. This study examined the 
effects of T. harzianum T22 on crack willow (Salix fragilis) growth in both clean and 
metal-contaminated soil and compared the effects with those of a combination of 
ectomycorrhiza in clean soil. The effect of co-inoculation of T harzianum T22 and 
ectomycorrhiza (ECM) in clean soil was also examined. 
5.3 Materials and Methods 
5.3.1 Plants 
Crack willow (Salix fragilis) saplings were raised from 20 cm cuttings collected from 
trees within the university grounds. Before planting into soil, stem cuttings were 
grown in an aerated, hydroponic system at 25°C in a Procema® incubator with a 16 
hour photoperiod. The mineral solution used was standard Hoagland's solution 
(Hoagland and Arnon, 1941) and the support media used was Perlite. The system 
was topped up with reverse osmosis water as required. Willow cuttings were inserted 
into the medium such that the base of the cutting was just above the water level. 
Cuttings were grown for 3 weeks until they reached approximately 20 cm of foliar 
growth above the original stem. Because there was some variation in willow height, 
trees were carefully randomized between treatments. 
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5.3.2 Uncontaminated Soil 
J Arthur Bowers topsoil (William Sinclair Horticulture Ltd, Lincoln) containing 
screened loam with added organic matter was used as the clean soil. The soil texture 
was 28 % sand, 60 % silt and 12 % clay and the organic matter content was 13.2 % by 
weight. The soil pH was 6.6. 
5.3.2.1 Uncontaminated Soil Experimental Setup 
Forty 12.5 cm diameter pots were taken and washed thoroughly inside and out with 
tap water, and 1 kg of soil was put into each pot. Ten willow saplings were removed 
from the hydroponic system and transplanted into the pots and watered in thoroughly. 
A further 10 willow saplings were taken and root dipped in a water solution of 
Plantshield HC (containing T. harzianum T22 on inert clay particles at a 
concentration of at least 107 spores g') at a concentration of 0.3g 1"1 before being 
transplanted into another 10 pots. This treatment was then watered in with the 
suspension of Plantshield HCTM (0.3g 1'1) instead of tap water that was used for the 
controls. A further 10 willow saplings were root-dipped in a water solution of ECM at 
the same concentration as T. harzianum T22 (containing Pisolithus tinctorius and four 
Rhizopogon spp. at a concentration of 6x 104 spores g'1. Spores were fixed to a 
porous volcanic rock and then mixed with seaweed (66%), soluble yuccah (3.33%), 
humates (3.33%), bentonite (16.66%) and zeolite (10%). The product was obtained 
from Symbio, Surrey) before being transplanted into the pots. These replicates were 
watered in with the water suspension of ECM. The final 10 willows were root-dipped 
in a suspension of T. harzianum T22 and ECM combined in water (each present at 
0.15 g 1"), transplanted into the remaining pots and watered in with the solution used 
to inoculate them. All plants were watered with tap water as required throughout the 
five-week growth period. No nutrients or fertilizers were added during the growth 
period. A randomised block design was used (with each block representing one 
treatment) to determine the location of the saplings in the controlled temperature 
room. 
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5.3.3 Contaminated Soil 
Metal-contaminated soil was collected from a site near Thamesmead (London). Soil 
from the top 30 cm was collected. The site originally had some vegetation of 
Sycamore (Acer pseudoplatanus) and Buddleia (Buddleia davidii), until it was 
recently cleared. The site had been used for the dumping of waste building materials 
and sewage sludge and had significantly elevated levels of a variety of heavy metals 
including cadmium (X = 30 mg kg-1), lead (X = 350 mg kg-1), manganese 
(X = 210 mg kg'), nickel (X = 210 mg kg') and zinc (X = 1100 mg kg-1). After 
sampling, the soil was sieved (2 mm) and then homogenized. The soil texture was 11 
% sand, 19 % silt and 70 % clay and the organic matter content was 5.8 % by weight. 
The soil pH was 7.7 
5.3.3.1 Contaminated Soil Experimental Setup 
Thirty 12.5 cm diameter pots were taken and washed thoroughly inside and out with 
tap water, and 1 kg of soil was put into each pot. Fifteen willows were removed from 
the hydroponic system and transplanted into the pots containing the metal- 
contaminated soil and watered in thoroughly. A further 15 willow saplings were taken 
and root dipped in a water solution of Plantshield HCTh as described before. Plants 
were watered with tap water as required throughout the length of the study. Five 
replicates were used for each treatment. Plants were grown for 3,6 and 12 weeks in 
the controlled temperature room using a randomised block design as before. No 
nutrients or fertilizers were added during the growth period. 
5.3.4 Growth conditions and sampling techniques 
The willow saplings were grown at 25°C in a growth room (Procema®) with a 16 
hour photoperiod. At each sampling occasion shoot length and root length were 
measured using a standard ruler. Fresh leaf, stem and root biomass was measured by 
destructively sampling saplings and washing all soil from the roots. Roots were then 
dried by blotting with paper. The sapling was then divided into leaves, stems and 
roots and weighed on scales accurate to 0.01 g. The dry weight biomass was obtained 
by drying in an oven at 105°C over a 12 hour period. 
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5.3.5 Contaminated Soil Analysis 
The soil collected from Thamesmead was analyzed by X-Ray Fluorescence (Niton 
XLt 700 series portable environmental analyser). Four IOg (dry weight) samples were 
compacted into sample cells (Nikon, UK) and analyzed for a2 minute period (Sackett 
et al., 1998; Kalnicky and Singhvi, 2001; Kilbride et al., 2006). 
5.3.6 Analysis of sapling biomass for metal content 
As T. harzianum T22 is suspected to stimulate plant uptake mechanisms (Harman et 
al., 2004a; Yedidia et al., 2001) and solubilize minerals (Altomare et al., 1999) it was 
decided to analyze sapling biomass grown in the contaminated soil for metal content. 
Five metals, all shown to be present at elevated levels in the contaminated soil, were 
chosen for analysis. Two plant essential metals were analyzed, manganese and zinc 
and three heavy metals, cadmium, nickel and lead. 
To quantify metal uptake by the remaining willow saplings, five control and five T. 
harzianum T22-treated plants were destructively sampled after 12 weeks. Roots were 
washed thoroughly with reverse osmosis water to remove soil adhering to the roots. 
The saplings were then divided into leaves, stems and roots. Each sample was cut into 
2 cm pieces, placed in a ceramic crucible and the fresh weight determined by 
weighing. The samples were dried in an oven at 105°C overnight and weighed to 
determine dry weight biomass. Subsequently, samples were ashed in a muffle furnace 
at 450°C for 12 hours then transferred to sterile plastic universal tubes (25 cm) where 
each was digested with 20 cm3 5% nitric acid (Ward, 2000). The samples were then 
analyzed by atomic absorption spectroscopy (AAS) (Pye Unicam) for Cd, Mn, Ni, Pb 
and Zn. 
5.3.7 Statistical Analysis 
One way analysis of variance (ANOVA) was used to analyze the differences in shoot 
and root length and leaf, stem, root and total dry biomass between the four treatments 
in the clean soil while a one tailed, unpaired t-test (95% confidence) was used to 
compare the shoot and root lengths, stem weights (fresh and dry), leaf weights (fresh 
and dry) and root weights (fresh and dry) and levels of metals in control willow 
120 
saplings with those grown in the presence of T. harzianum T22 in metal-contaminated 
soil. 
5.4 Results 
5.4.1 Uncontaminated Soil 
5.4.1.1 Shoot and root length 
The fungal root treatments had significant effects on the growth of willow saplings 
(Figs 5.1 and 5.3). T harzianum T22 produced shoots 160 mm (40%) longer than the 
controls (P < 0.001) and 90 mm (19%) longer than the ECM treatment and the 
combined treatment (P < 0.05). T harzianum T22 also produced roots 70 mm (40%) 
longer than the controls (P < 0.05). ECM treatment produced roots 90 mm (52%) 
longer than controls (P < 0.01). The combined treatment produced very similar results 
to the ECM treatment producing significantly longer roots compared to controls (P < 
0.05). The roots of the ECM and combined treatment were not significantly longer 
Fig 5.1: Effect of root inoculation with T. harzianum T22 (yellow bars), ectomycorrhiza (ECM) (green 
bars) and combined treatment (blue bars) on the shoot length (SL) and root length (RL) (cm) of crack 
willow (Salixfragilis) saplings against a control (red bars). Saplings were grown for 5 weeks at 25°C in 
uncontaminated topsoil. Willow saplings were raised from stem cuttings using a hydroponic system. 
Error bars show the standard error above and below the mean. Replicate No's: Control and T. 
harzianum T22 n=9, ECM n=7 and T22 & ECM n=6. 
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than those of the T harzianum T22-saplings. 
5.4.1.2 Dry Biomass 
Compared to the non-inoculated control plants, plants treated with T. harzianum T22 
produced 160% more leaf mass, 115% more stem mass, 300% more root mass and 
135% more total biomass (P < 0.001 for all aspects tested). Plants treated with T. 
harzianum T22 plants also produced 54% more leaf mass (P < 0.05), 64% more stem 
mass (P < 0.01), 93% more root mass (P < 0.05) and 62% more total biomass (P < 
0.01) than plants inoculated with ectomycorrhiza alone. Plants inoculated with T. 
harzianum T22 also produced 40% more stem biomass than the combined treatment 
(P < 0.05, Fig 5.2). 
The ECM alone produced 67% more leaf mass and 110% more root mass compared 
to controls (P < 0.05). The combined treatment resulted in plants that produced 98% 
more leaf mass (P < 0.05), 54% more stem mass, 215% more root mass (P < 0.05) and 
73% more total biomass than the controls (P < 0.05). 
As seen with the shoot and root length data, plants given the combined treatment 
responded in a manner more closely resembling the ectomycorrhiza treatment than the 
T. harzianum T22 treatment (there were no significant differences between ECM and 
the combined treatment). However, the combined treatment seemed to have a more 
beneficial effect on total plant biomass than on sapling shoot and root length (Figs 5.1 
and 5.2). 
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Fig 5.2: Effect of root inoculation with T. harzianum T22 (yellow bars), ectomycorrhiza (ECM) (green 
bars) and combined treatment (blue bars) on the dry weight biomass (g) of crack willow (Salix fragilis) 
leaves, stems and roots against a control (red bars). Saplings were grown for 5 weeks at 25°C in 
uncontaminated topsoil. Willow saplings were raised from stem cuttings using a hydroponic system. 
Error bars show the standard error above and below the mean. Replicate No's: Control and T. 
harzianum T22 n=9, ECM n=7 and T22 & ECM n=6. 
Fig 5.3: Photograph demonstrating the growth promoting effects of T. harzianum T22 on crack willow 
(Salix fragilis) during the uncontaminated soil study. T. harzianum T22 trees are taller than the controls 
and ectomycorrhiza. Saplings were grown in loam-based topsoil at 25°C. 
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5.4.2 Metal Contaminated Soil 
5.4.2.1 Metal concentrations in Soil 
Most metals were found to be present at elevated levels compared to mean values in 
soil (Ward, 2000) especially Cr, Ni, Pb, Sb, Sn and Zn concentrations (Table 5.1). 
Table 5.1: Metal concentrations (f the standard error) in the contaminated soil collected from the site in 
Thamesmead as determined by X-Ray Fluorescence (n=4). 
Element Average Conc. [mg 
k -1 
40 ± 18 
As 37 ±12 
Cd 28 ±13 
Cr 62 ± 26 
Fe 21725 ±350 
Hg 23±8 
Mn 210±85 
Ni 208 ± 74 
Pb 351±20 
Rb 52±5 
Sb 150±64 
Se 4±2 
Sn 144 ± 59 
Zn 1109±45 
5.4.2.2 Shoot and Root Length and Dry Biomass 
After 3 weeks growth, plants grown with T. harzianum T22 produced shoots that were 
on average about 25% taller than the non-inoculated controls (P < 0.05) (Trend shown 
in Fig 5.4a). Plants grown with T harzianum T22 produced on average 52% more leaf 
biomass (dry weight) compared to the non-inoculated controls (P < 0.05) (Trend 
shown in Fig 5.4b). 
After 6 weeks growth, plants grown with T. harzianum T22 produced on average 
47% more stem biomass (fresh weight) than control saplings (P < 0.05). 
After 12 weeks, saplings grown with T harzianum T22 produced on average 60% 
more dry stem biomass (P < 0.05) than the non-inoculated control. Total dry biomass 
was also 39% larger for saplings treated with T. harzianum T22 compared with the 
non-inoculated control (P < 0.05) (Fig 5.4b). 
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Fig 5.4: Effect of T. harzianum T22 (yellow bars) on a) shoot length (SL) & root length (RL) (cm) and 
b) leaf, stem and root dry biomass (g) of crack willow (Salix fragilis) saplings against a control (red 
bars). Saplings were grown in soil contaminated with metals including Ni, Pb and Zn. Plants were 
grown at 25°C in a controlled temperature room and sampled at 3,6 and 12 weeks (n=5). Only week 12 
data shown as trends were the same throughout the duration of the experiment. 
5.4.2.3 Analysis of sapling biomass for metal content 
T. harzianum T22 significantly increased the both the essential elements and heavy 
metal content in the stems of crack willow saplings (Table 5.2) by 25-40%. 
Concentrations in leaves were increased and slightly reduced in roots (except Zn) but 
these differences but were not significant. 
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Table 5.2: Effect of T. harzianum T22 on the average uptake of Cd, Mn, Ni, Pb and Zn into the leaves, 
stems, roots and whole crack willow (Salix . 
fragilis) saplings (µg metal absorbed by all biomass 
produced). Saplings were grown for 12 weeks at 25°C (n=5). Values in brackets show the SEM. 
Plant Section 
Leaves Stems Roots Whole Sapling 
Metal Control T22 Control T22 Control T22 Control T22 
1.7 1.9 1.6 a 2.2 ^D 1.3 1.0 4.6 5.1 
Cd (0.2) (0.3) (0.1) (0.3) (0.1) (0.1) (0.3) (0.6) 
24.3 26.6 12.3 15.3 8.7 7.9 45.3 49.7 
Mn (4.3) (3.5) (2.9) (3.6) (0.9) (1.1) (6.4) (7.7) 
4.1 4.9 3.4 4.2 3.7 3.6 11.2 12.7 
Ni (0.5) (0.4) (0.3) (0.3) (0.2) (0.3) (0.5) (0.8) 
9.8 14.9 8.0 10.4 42.8 37.8 60.6 63.0 
Pb (0.9) (3.5) (0.6) (1.1) (2.6) (5.1) (2.2) (8.1) 
389.2 466.4 213.4 298.4 118.1 150.2 720.8 915.0 
Zn (52.8) (70.6) (23.6) (34.7) (7.8) (21.9) (72.3) (112.7) 
429.1 514.7 238.7 330.5 174.6 200.4 842.4 1045.5 
Total (57.3) (74.2) (26.9) (39.2) (11.2) (28.1) (78.3) (125.7) 
" T22 saplings took up significantly more metal. 
b control saplings took up significantly more metal (P-0.05). 
5.5 Discussion 
Trichoderma has been demonstrated to promote plant growth in a wide range of plant 
species but the effect is highly dependent on the strain of the fungus. This chapter is 
the first report to demonstrate that Trichoderma can effectively stimulate tree growth. 
Trees are already showing potential as a source of woodfuel biomass, in carbon 
sequestration to mitigate climate change, and in bioremediation systems (Dimitriou 
and Aronson, 2005; Lynch and Moffat, 2005). Hence the growth-promoting 
properties of the fungus coupled with its own physiological attributes including an 
ability to degrade cyanide (Ezzi and Lynch, 2002; 2005a, b) and phenolic waste 
(Harman et al., 2004c) make the tree / fungus (phytobial) system worthy of 
consideration for its bioremediation potential. 
The reasons for the observed growth promotion of willow by T. harzianum T22 are 
likely to be caused by the same mechanisms by which growth promotion occurs with 
T harzianum T22 in other plants and by which mycorrhiza promote plant growth of 
trees. It is important to note that growth promotion is not simply a result of reduced 
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pathogenicity (although it is undoubtedly a contributing factor) as T. harzianum T22- 
mediated growth promotion has been demonstrated in sterilized soils and in the 
presence of soil fungicides (Harman et al., 2004b). Other factors thought to be 
involved include increased root size and rooting depth which aid nutrient absorption 
and increase resistance to drought (Harman et al., 2004a). T harzianum T22-mediated 
plant-growth-promotion is likely to be a combination of direct plant effects as a result 
of Trichoderma colonization, control of deleterious microflora and increased nutrient 
uptake and dissolution. 
The data suggests that T harzianum T22 enhances ion uptake (both essential and 
heavy metals) by plants. Significantly elevated metal concentrations were observed in 
shoots, slight increases were observed in leaves and slight reductions in roots (Table 
5.2) suggesting that T. harzianum T22 influences metal uptake and translocation in 
willow. This observation suggests that a plant species capable of tolerating high levels 
of metals in its biomass may be required when using T. harzianum T22 for 
establishing vegetation on metal-contaminated sites (although the increase in metal 
uptake was comparable to the increase in growth meaning the concentration of metals 
per g biomass would not have been that different). The amount of growth promotion 
observed with T. harzianum T22 may also be affected by the soil conditions 
(particularly the differences in percentage sand, silt and clay). Although this factor has 
not been examined in any detail with T. harzianum T22 it has been shown to affect 
mycorrhiza colonization (Haselwandter and Bowen, 1996) and certainly could have 
been a factor in this instance as clay binds metals and other nutritional molecules 
more strongly than silt and sand (Ward, 2000) making them less bioavailable. The 
nutrient solubilizing (Altomare et al., 1999) and systemic effects (Harman and 
Shoresh 2006; Harman et al., 2004a) of T. harzianum T22 should have aided plant 
growth promotion in the nutritionally-poorer contaminated soil. This has been 
reported in the field (Harman, 2000). Hence, it is reasonable to assume that the metal 
contamination did negatively affect the fungus and/or the plant despite the fact that 
physical signs of toxicity were not observed. 
Numerous reports describe how mycorrhiza and Trichoderma spp. together 
produced beneficial effects on plant growth and/or disease resistance (e. g. Dubsky el 
al., 2002; Godeas et al., 1999). Some reports claim that Trichoderma does damage to 
mycorrhizal hyphae by mycoparasitism (Brimner and Boland, 2003) while others 
contest this and claim that Trichoderma stimulates mycorrhizal growth and/or 
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germination (Srinath et al., 2003) or visa versa (Filion et al., 1999). Other reports 
have shown how mycorrhiza can be detrimental to Trichoderma growth and 
establishment (Green et al., 1999; Werner et al., 2002). However, no evidence was 
found to suggest that Trichoderma kills mycorrhiza or has any negative effect on the 
tree. A number of reports also indicate that the nature of the soil is of more 
importance for mycorrhizal colonization than the presence of other soil fungi. 
Although available levels of nitrogen and phosphorus were not quantified in the non- 
contaminated soil study, it is reasonable to assume that these levels would have been 
high (as the soil used was a quality, commercially available topsoil). Growth 
promotion by mycorrhiza is known to be suppressed under conditions of high 
phosphate availability (Haselwanter and Bowen, 1996). Hence, it is likely that the 
observed results in the combined treatment occurred as a result of competition 
between the ECM and T harzianum T22 for suitable colonization sites on the roots 
surfaces reducing the degree of colonization by T. harzianum T22. Given that 
nutrients are more limited in soil than in axenic culture and this will suppress the 
growth of soil fungi such as Trichoderma preventing (or downgrading) AMF attack 
(Whipps, 2001) and in this study, no inhibitory effects were observed when the two 
fungal products were grown on the same agar plate (data not shown) suggests the 
fungi were not detrimental to one another's growth. 
The data presented here demonstrate the potential of T harzianum T22 alone for use 
in revegetation and land stabilization of sites with trees that could also be grown for 
coppicing and biofuel production. Trees also sequester carbon and mitigate climate 
change. These data suggest that T harzianum T22 can be more effective than 
ectomycorrhiza, and that a combination of T. harzianum T22 and ectomycorrhiza does 
not further enhance growth promotion of willow produced by T harzianum T22 
alone. While these data are promising research is still required to examine the long 
term effects of T. harzianum T22 on tree growth in the field. 
128 
6. Desorption of zinc by extracellularly produced metabolites of 
Trichoderma harzianum T22, T. reesei and Coriolus versicolor 
6.1 Summary 
Having demonstrated that T harzianum T22 is able to promote the growth of trees in 
metal-contaminated soil, giving it potential for use in land stabilization and 
phytoremediation strategies, the aim of this chapter was to determine the role of 
extracellular metabolites produced by T harzianum T22 in the desorption of metals 
from a solid (organic) matrix in comparison with another Trichoderma strain (T 
reesei) and the white rot fungus Coriolus versicolor. Should T. harzianum T22 be 
shown to desorb metals this will further increase its potential for use in 
phytoremediation of land contaminated with metals. 
Desorption of Zn was measured by adding five g charcoal, which had adsorbed 4,500 
mg Zn kg' to fungal culture filtrates, reverse osmosis water, a 0.1% Tween 80 
solution and a 0.1 mol CaCl2 solution. Treatments were shaken for 12 hours and the 
Zn content of the solutions analyzed using atomic absorption spectroscopy (AAS). All 
three fungal filtrates desorbed more than three times more Zn from the charcoal than 
either 0.1% Tween 80 or 0.1 mol CaC12. Maximum quantity of metal desorption per 
unit biomass was similar between the three fungal species and was around 30 µg Zn 
per mg dry weight fungal biomass per g dry weight charcoal. Metal chelator 
production in T harzianum T22 and C. versicolor was constitutively expressed while 
chelator production in T. reesei was induced by Zn. The presence of Zn in the growth 
medium seemed to inhibit the production of metal chelators by C. versicolor while Zn 
had no effect on metal chelator production in T. harzianum T22. Only C. versicolor 
was found to produce oxalic acid (a strong metal chelator) production of which was 
also decreased by the presence of zinc. Whereas all fungi caused a marked decrease in 
pH of the medium, this was not enough to explain the increased desorption of the 
metals by the different fungal filtrates. 
It is suggested that metal chelation via organic acids and proteins are the main 
mechanisms by which the fungal filtrates increased zinc desorption from charcoal and 
that this may be aided by acidification. 
129 
The results of this study help explain why plants inoculated with T harzianum T22 
take up more metal from soil, than non-inoculated plants. From an applied point of 
view, extracellular metabolites of fungi could have excellent potential for removing 
sorbed metals from organic matter and clay. 
6.2 Introduction 
Organic matter and clay in soil have a high affinity for metals (Ward, 2000). Although 
this can be desirable to limit the leaching of heavy metals, it also means that the 
metals are not bioavailable and hence, cannot be easily extracted using bioremediation 
strategies (Roane et al., 1996). A number of strategies have been proposed to combat 
this problem. This includes the use of surfactants (both chemical and biological), 
steam injection (Dablow et al., 1995) and the use of solvents to aid desorbtion of 
metals from soil clays and organic matter (Shor and Kosson, 2000). However, the 
conclusion tends to be that the potential of artificial surfactants for bioremediation in 
the field are at best modest (Mueller et al., 1996). Fungi produce a range of 
extracellular metabolites including organic acids, amino acids and peptides, some of 
which are capable of solubilizing metallic compounds (Altomare et al., 1999). Metal 
mobilization can occur by acidification and ligand-promoted metal complexation 
(Fomina et al., 2004b). These processes include the production of primary and 
secondary metabolites with metal-chelating properties such as organic acids, amino 
acids and phenolics (Fomina et al., 2004b). The extracellular production of metal 
desorbing metabolites means that fungal mycelia do not have to be in physical contact 
with the pollutant to cause desorbtion of metals from the soil matrix. 
In chapter 5 it was shown that inoculation of willow saplings (Salix fragilis) with T. 
harzianum T22 resulted in an increase in metal uptake per plant suggesting that the 
fungus could increase metal bioavailability in soil. However the mechanisms by 
which this occurs are still unclear. For example it is unclear if T. harzianum T22 
affects the plant directly leading to greater root permeability or if the fungus produces 
metabolites that lead to desorption of metal bound to soil and organic matter particles, 
making them more available for plant uptake. This chapter therefore investigates the 
effect of T harzianum T22 on metal bioavailability using gnotobiotic systems to 
explain enhanced metal uptake by trees inoculated with T. harzianum T22. 
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The mechanisms by which T. harzianum T22 desorbed metals from a solid matrix 
were compared with those from the related fungus T. reesei and the non-related white 
rot fungus Coriolus versicolor. 
6.3 Materials and Methods 
6.3.1 Production of zinc-spiked charcoal 
To provide a matrix from which fungal metabolites could desorb, adsorbed metals, 
450 g of lump wood charcoal (B&Q, England) was crushed into approximately 5mm 
diam. pieces using a pestle and mortar. The crushed charcoal was sterilised by 
autoclaving and left to soak for five days in 21 Reverse Osmosis (RO) water 
containing 5,000 mg zinc sulphate (ZnSO4.7H20) I-'. The solution was regularly 
mixed to encourage the zinc to adsorb onto the charcoal. The zinc solution was then 
decanted off and the charcoal was dried while still in the sterile conical flasks over a 
period of 2 days in an oven at 100°C to remove any remaining Zn solution. Adsorbed 
zinc was measured using atomic absorption spectroscopy (AAS) and was found to be 
just over 4,500 mg Zn kg"' dry weight charcoal. 
6.3.2 Extraction of zinc from charcoal using filtrate from broth cultures 
To determine the role of different fungal metabolites in metal desorption from a solid 
matrix, T. harzianum T22, T reesei and C. versicolor were used for comparison. T 
harzianum T22 has been shown to solubilize phosphates, compounds of manganese 
and metallic zinc in sucrose-yeast extract liquid culture (Altomare et al., 1999). 
Inoculation with T. harzianum T22 also increased uptake of metals by willow 
saplings, suggesting that the fungus increases bio-availability of metals in rhizosphere 
soil (chapter 5). Trichoderma reesei is a fungus known to produce high levels of 
cellulases (Reczey et al., 1996). A wild type strain (III 192655ii) was used here to 
compare the effects of a natural soil strain against T harzianum T22. Coriolus 
versicolor (IFO 6482) (formally Trametes versicolor) is a white-rot fungus that has 
been studied for its ability to degrade various xenobiotic compounds as a result of the 
oxidase and peroxidase enzymes it produces extracellularly (Collins et al., 1996). As 
some of these enzymes are manganese dependent it transpires that some 
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metabolites may have metal-solubilizing ability. T. harzianum T22 and C. versicolor 
have shown potential in bioremediation processes (Pointing, 2001; Harman et al., 
2004c) comparison of their metal-solubilizing ability and could further enhance the 
potential of either fungus for use in this field. 
The three fungi were grown in 50 ml liquid culture held in 250 ml conical flasks. The 
fungi were grown for 4,7 or 14 days in triplicate at 25°C in a glucose broth containing 
(per litre RO water) 10.0 g glucose, 4.6 g sodium tartrate (pH 4.5), 2.0 g KH2PO4,2.0 
g ammonium L-tartrate, 0.5 g MgSO4.7H20,0.1 g CaC12.2H20,1 mg thiamine. HCL, 
0.1 mg FeSO4.7H20,0.02 mg CuSO4.5H20, and 0.01 mg ZnSO4.7H20. Flasks were 
inoculated with a 1cm2 piece of fungal mycelium growing on Potato dextrose agar 
(PDA). After 4,7 or 14 days growth, flasks containing fungal cultures were removed 
and vacuum filtered onto a pre-weighed 0.45 µm filter. Filters and fungal biomass 
were dried in an oven at 100°C overnight and then weighed to determine the weight of 
the fungal biomass produced. The filtrates were subsequently used to determine their 
effect on metal desorption. 
To assess and contrast the effect of fungal filtrates on metal desorption, flasks were 
prepared in triplicate containing 50 ml of either; glucose broth, reverse osmosis (RO) 
water, 0.1 mol CaCl2 (to measure bioavailable metal, Esnaola et al., 2000) or 0.1% 
Tween 80 (a surfactant). 
To each flask approximately 5g dry weight charcoal containing adsorbed Zn was 
added. All flasks were closed with a rubber bung and shaken at 120 rpm overnight. 
Subsequently, each sample was filtered to remove the charcoal. The precise dry 
weight of the charcoal was determined after drying overnight at 100°C. Twenty ml of 
each sample was transferred to a 25 ml universal tube and stored at 4°C until analysis 
of zinc content by AAS (Pye Unicam). 
6.3.3 Assay for metal-chelating ligands 
6.3,3.1 Iron-ch elato rs 
The production of siderophores and other chelators of metals by T. harzianum, T. 
reesei and C. versicolor were quantified in glucose-based broth with and without 15 
mmol ZnSO4. The fungi were grown for 4,7 and 14 days, to make the results of the 
two studies comparable. 
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A colorimetric assay using chrome azurol S (CAS) was used as described by Schwyn 
and Neilands (1986) to quantify siderophore production. In brief, the method is based 
on the principle that siderophores that chelate iron compete for the iron molecule 
bound to CAS. If the iron is displaced from the CAS molecule the absorbance at 630 
nm decreases. Schwyn and Neilands (1986) developed this to detect siderophores but 
this assay can be used to detect any ligand (or other metabolite) that can bind iron 
more strongly than CAS. This can include proteins and small organic residues such as 
organic acids (Shenker et al., 1995); peptides, phenolics and chitin (Altomare et al., 
1999). It is assumed that some ligands or metabolites may not exclusively bind iron 
and hence, here it was used as a crude indicator of the microorganisms' potential to 
produce extracellular metal-binding metabolites. 
The assays in glucose broth were carried out in triplicate. Assays in glucose broth 
with Zn were carried out singly to give an indication of the influence of Zn on iron 
chelator production. 
6.3.3.2 Assay for Oxalic acid 
Because oxalic acid is a potential chelating substance produced by fungi (Fomina et 
al., 2004b) an assay was set up to test if T. harzianum T22, T. reesei and C. versicolor 
produced oxalic acid after 4,7 and 14 days growth. The medium used was the same 
glucose-based broth used in the charcoal study. To determine if oxalic acid 
production was induced by the presence of Zn (Fomina et al., 2004b), fungus grown 
in Zn free glucose broth was compared with fungus grown in glucose broth to which 
15 mmol ZnSO4.7H20 solution was added. The fungi were grown at 25°C and 
samples were taken at 4,7 and 14 days growth as described previously. Oxalic acid 
was quantified using a commercial kit (591-D) obtained from Trinity Biotech, Ireland. 
6.3.3.3 Assay for common organic acids in culture filtrates of T. harzianum T22 
T harzianum T22 was grown in glucose broth (250 ml) as described previously for 6 
and 14 days at 25°C. The mycelium was then filtered off and weighed as described 
previously, and the culture filtrate was freeze-dried. Samples were then analysed for 
lactic, fumaric, malic, citric and linoleic acid (Macaulay Analytical Services, 
Aberdeen). The following methods were used: The samples were sequentially 
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extracted with water and then diethyl ether. The water and ether extracts were 
carefully dried under nitrogen and derivatised to produce the tertiary butyl dimethyl 
silyl derivatives of the organic acids. These derivatives were then identified by gas 
chromatography / mass spectrometry using single ion monitoring. The acids were 
quantified using external calibration, and a set of standards prepared from reference 
materials. 
The freeze-dried weight of the culture filtrate was calculated by adding together the 
weight of the salts and subtracting those removed from the culture by the fungus (by 
subtracting three times the dry biomass, assuming a yield co-efficient of 0.33). The 
concentration of each organic acid in the 250 ml sample was then calculated from the 
data provided as mg kg-1 and expressed as mg organic acid per litre of culture filtrate. 
6.3.4 pH analysis 
Acidification of an environment will lead to an increase in metal bio-availability by 
increasing metal mobility (Ward, 2000). To test if the different fungi acidified the 
medium and if this correlated with organic acid production, the pH of the Zn amended 
medium was measured after 0,7 and 14 days. To quantify the effects of the growth of 
the fungi on pH without Zn amendments, the pH of fungal cultures grown at 25°C in 
glucose broth was measured daily over a period of 14 days. To allow frequent 
sampling without contaminating the medium, 100 ml glucose broth was used for this 
experiment instead of the normal 50 ml to allow the aseptic daily removal of a portion 
(5 ml) of the medium for a period of 14 days without depriving the fungi of sufficient 
growth medium. 
6.3.5 Extraction of Zn from charcoal using acidified RO Water 
To ascertain that the acidification of the medium or chelating agents produced by the 
different fungi were responsible for the observed metal desorption, acidified RO water 
was used to quantify the effect on metal desorption using the same methodology 
described above. Solutions of acidified RO water were prepared by adding HCI. 
Solutions were prepared at pH 5.5,5.0,4.5,4.0,3.5 and 3.0. Fifty ml of each solution 
was transferred into 250 ml conical flasks in triplicate along with controls with a pH 
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of 7.2. Zn-spiked charcoal was added as before, the flasks were shaken overnight at 
120 rpm. Extraction and Zn analysis was conducted as described previously. 
6.3.6 Statistical Analysis 
Due to the large number of combinations to be examined ANOVA (analysis of 
variance) (P = 0.05) was used to compare quantities of Zn extracted by the different 
filtrates. The statistics programme used was Instat 3. 
6.4 Results 
6.4.1 Extraction of zinc from charcoal using filtrate from broth cultures 
RO Water, 0.1% Tween 80,0.1 mol CaC12 and glucose broth each extracted between 
10 and 15% of the total Zn that was adsorbed onto the charcoal (Fig 6.1). There were 
no significant differences between these four solutions. There were also no significant 
differences in the amounts of Zn desorbed from the charcoal by these solutions over 
time (Fig 6.1). 
The fungal filtrate solutions significantly increased the quantity of Zn extracted from 
the charcoal compared with the abiotic solutions (Fig 6.1). T. harzianum T22 filtrates 
extracted between 41 and 50% of the total Zn which was significantly more than any 
of the abiotic solutions at all incubation times tested. Fungal filtrates of T. harzianum 
T22 collected from cultures after 4,7 and 14 days had similar desorption efficiencies 
(Fig 6.1). 
T. reesei extracted between 32 and 50% of the total Zn from the charcoal. T. reesei 
extracted significantly more Zn than the abiotic solutions and the control broths after 
4 and 7 days. Fungal filtrates from T reesei collected from cultures after 4,7 and 14 
days had similar desorption efficiencies (Fig 6.1) 
C. versicolor extracted between 10 and 58% of the total Zn. However, it took 14 days 
growth before the filtrate of C. versicolor desorbed significantly more Zn than the 
abiotic solutions. There was no significant difference between the Zn extracted by C. 
versicolor filtrate grown for 4 days compared to that grown for 7 days. However, 
there was significantly more desorption (P < 0.001) by culture filtrates from 14 day 
old cultures than those extracted from 4 and 7 day-old cultures (Fig 6.1). 
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Fig 6.1: Effect of water, 0.1% Tween 80 and 0.1 mol CaC12 (white bars) and culture filtrates of T. 
harzianum T22 (yellow bars), T. reesei (green bars) and C. versicolor (blue bars) on the desorbtion of 
zinc from charcoal compared to sterile control medium (red bars). Charcoal had adsorbed 4500 mg zinc 
kg' charcoal. Fungi were grown for 4,7 and 14 days at 25°C in a glucose-based broth. (n=3). Error 
bars show the standard error above and below the mean. 
When desorption was expressed per mg biomass produced (Fig 6.2) it was found that 
desorption of Zn by T. harzianum T22 per unit biomass over time increased slightly 
(although not significantly), while for T reesei and C. versicolor the desorption of Zn 
per unit biomass decreased over time (P < 0.05). This meant that per unit biomass, T. 
harzianum T22 grown for 4 days desorbed significantly more Zn than T. reesei after 
14 days growth (P < 0.05) and T harziarrum T22 grown for 4 and 7 days desorbed 
more Zn than C. versicolor after 14 days growth (P < 0.01 and 0.05 respectively). T 
harzianum T22 after 14 days growth extracted more Zn per mg dry weight biomass 
than T. reesei after 7 and 14 days growth (P < 0.005) and C. versicolor after 14 days 
growth (P < 0.001). 
There were no significant differences between the maximum desorption efficiencies 
of the 3 fungi. 
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Fig 6.2: Effect of biomass production on the desorbtion of zinc from charcoal by filtrates from T. 
harzianum T22 (yellow bars), T. reesei (green bars) and C. versicolor (blue bars). Charcoal had 
adsorbed 4500 mg zinc kg' charcoal. Fungi were grown for 4,7 and 14 days at 25°C in a glucose- 
based broth. (n=3). Error bars show the standard error above and below the mean. 
6.4.2 Production of Iron Chelators 
The production of iron-chelators was detected for T. harzianum T22 and C. versicolor 
in glucose medium without zinc (Fig 6.3a). A constant production was observed for T 
harzianum T22 over the 14 day growth period whereas C. versicolor iron-chelator 
production was similar to that of T harzicmum T22 after 4 and 7 days but was nearly 
five times higher after 14 days. T reesei did not produce any chelators in this 
medium. 
In the glucose medium containing 15 mmol zinc (Fig 6.3b) T. reesei produced large 
amounts of chelators after 7 and 14 days incubation (the levels of which increased 
with incubation time). T. harzianum T22 produced a constant amount of chelators 
while C. versicolor only produced a relatively small amount of chelators after 14 days 
incubation. 
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Fig 6.3a: Production of iron-chelators by T. harzianum T22 (yellow bars), T. reesei (green bars) and C. 
versicolor (blue bars) when grown in a glucose-based broth for 14 days at 25°C. A colorimetric assay 
using chrome azurol S was carried out in triplicate using the methods of Schwyn and Neilands (1986). 
Bars show absorbance of control - absorbance of treatments. Error bars show the standard error above 
and below the mean. 
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Fig 6.3b: Production of iron-chelators by T. hcmianum T22 (yellow bars), T. reesei (green bars) and C. 
versicolor (blue bars) when grown in a glucose-based broth containing 15nm Zn for 14 days at 25°C. 
Bars show absorbance of control - absorbance of treatments (n= 1). 
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6.4.3 Production of Organic Acids 
Oxalic acid was detected only in the filtrates of C. versicolor (Fig 6.4). The quantity 
increased with incubation period (and biomass production). The addition of 15 mmol 
zinc to the medium dramatically decreased oxalic acid production by C. versicolor 
despite the fact that biomass production was not significantly affected. 
The freeze-dried T. harzianum T22 filtrate contained lactic acid at 580 and 740 mg 
per litre of culture filtrate 1 after 6 and 14 days growth at 25°C respectively (Table 
6.1). Fumaric, malic and linoleic acids were detected but only at trace levels. No citric 
acid was detected. 
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Fig 6.4: Presence of oxalic acid in culture filtrates of T. harzianum T22, T. reesei and C. versicolor. 
Fungi were grown in a glucose-based broth with (open bars) and without (diagonal hatching) 15 mmol 
ZnSO4 for 14 days at 25°C. 
Table 6.1: Production of extracellular organic acids by T. harzianum T22 grown in a glucose broth for 
Growth period / days Concentration (mg organic acid per i culture) 
Lactic 
acid 
Fumaric 
acid 
Malic acid Citric acid Linoleic 
acid 
6 580.2 2.6 0.5 0 0.2 
14 739.6 0.8 0.2 0 0.2 
6 and 14 days at 25°C. Results show a single replicate. 
139 
6.4.4 Effect of Fungal Growth on medium pH 
Figure 6.5 shows the effect of fungal growth on the pH of 100 ml glucose broth over a 
14 day growth period at 25°C. Both the Trichoderma species showed a similar pattern 
of acidification reaching 4.6 after 14 days. T harzianum T22 did produce a slightly 
lower pH after 4 and 8 days growth. C. versicolor had little effect on pH until day 7. 
After that a significant drop in pH occurred giving a pH of 4.4 which was similar to 
the two Trichoderma species. The addition of 15 mmol Zn to the glucose-based 
medium caused a drop in pH of 0.2 from 5.5 to 5.3. All three fungi grew well in the 
Zn-amended medium with the pH of the Trichoderma filtrates falling to 4.0 after 7 
and 14 days growth. The pH of the C. versicolor filtrate fell to 4.5 and 3.4 after 7 and 
14 days growth respectively. These values were half a unit lower than the pH recorded 
in the glucose-based medium without Zn in the case of the Trichoderma species and 
one unit lower in the case of C. versicolor (medium with Zn data not shown). 
Fig 6.5: Effect of T. harzianum T22 ( ), T. reesei () and C. versicolor () growth on the pH of a 
glucose-based medium compared to a control ("). Fungi were grown in 100 ml medium for 14 days at 
25°C. Error bars show the standard error above and below the mean (n=3). 
Figure 6.6 shows the effect of pH on the desorption of Zn from charcoal. Only pH 
values below 4 caused a significant increase in the quantity of Zn being desorbed. 
However, this was only equivalent to 3.6% of the total Zn adsorbed to the charcoal. 
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Fig 6.6: Effect of acidified reverse osmosis (RO) water on the desorbtion of Zn from charcoal. 
Charcoal had adsorbed 4,500 mg Zn kg-' charcoal. Solutions (50 ml) with pH 7.2 (control), 5.5,5.0, 
4.5,4.0,3.5 and 3.0 were used. Charcoal (5 g dry weight) was shaken in 50m1 solution at 120 rpm 
overnight (n=3). Error bars show the standard error above and below the mean. 
6.5 Discussion 
The filtrate solutions of the two Trichoderma species proved to be effective at 
desorbing Zn from charcoal. The effectiveness of T harzianum T22 did not vary with 
fungal age as it did with C. versicolor. This is clearly linked to biomass production 
and growth rate and hence the quantity of metabolites in solution, as the dry weights 
of the two Trichoderma species varied little during the two weeks, indicating a fast 
initial growth rate followed by a much more stable stationary growth phase. This is 
typical of Trichoderma grown in a rich medium. Clearly the flasks became growth 
limiting by day 7. The dry weights of the two Trichoderma species were slightly 
lower at day 14 compared with the dry weights measured at day 7 (data not shown) 
indicating the start of a death phase. This is also demonstrated by the fact that T. 
reesei extracted less Zn after 14 days growth than after 7 days growth (Fig 6.1). C. 
versicolor grew more slowly and biomass production increased exponentially during 
the two week growth period. Hence, only after 14 days (after the biomass reached in 
excess of 200 mg) were the levels of metabolites at a high enough level to 
significantly influence Zn removal from charcoal. It can be seen (Fig 6.1) that C. 
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versicolor after 14 days growth extracted the most Zn and that this corresponded to 
the highest dry weight recorded. 
T. harzianum T22 proved to be the most effective at desorbing Zn from charcoal per 
mg dry weight biomass (Fig 6.2). The effectiveness of T. harzianum T22 (per mg 
biomass produced) increased as the incubation time increased (Fig 6.2). This would 
suggest that the metabolites responsible for Zn desorption were stable in the medium 
and built up as the culture aged. Analysis of the organic acids produced suggested that 
the metabolite responsible for the metal desorption might have been lactic acid (Table 
6.1). Altomare et al., (1999) tested autoclaved and proteinase K-treated T harzianum 
T22 filtrates (sucrose, yeast-extract medium) for metallic Zn-solubilizing activity and 
showed that activity was not reduced compared with non-treated filtrate. This showed 
the metabolite responsible for Zn solubilization was heat stable and not a protein. T 
reesei Zn desorbtion peaked at 7 days when examining the solution as a whole (Fig 
6.1) and somewhere around day 4 when desorbtion was expressed per mg dry weight 
(Fig 6.2). This would suggest that the T. reesei metabolite responsible for Zn 
desorption was unstable in the medium and decreased to a low level once the fungal 
growth rate slowed down. It is therefore likely that the metabolite(s) responsible for 
Zn desorption was a protein. 
C. versicolor filtrate desorbed the greatest amount of Zn after 14 days growth (Fig 
6.1). However expressed as Zn extraction per mg dry weight most Zn was desorbed 
after 7 days growth by this fungus (Fig 6.2). This would suggest that between 7 and 
14 days a threshold was reached where an increase in fungal biomass no longer 
resulted in an increase in Zn desorbtion. During this growth period C. versicolor may 
have stopped producing the responsible metabolite(s). 
The presence of zinc appeared to have a positive effect on production of metal- 
chelating metabolites by T reesei, but adding Zn had no effect on metal chelator 
production in T harzianum T22 and had an inhibitory effect on chelator production 
by C. versicolor. Some of these chelators may not exclusively chelate iron (although 
some almost certainly will be siderophores and hence, will exclusively chelate iron) 
and maybe able to chelate other metals including Zn. The existence of a Zn-chelating 
ligand in T harzianum T22 is suggested by Altomare et al., (1999). The constitutive 
expression of iron-chelators by T. harzianum T22 presents a potential advantage over 
the other two fungi. Unlike in the aforementioned study, Zn was provided in this 
study in the form of ZnSO4 (instead of metallic Zn). Hence Zn was present as Zn 
2+ 
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instead of Zn (0) meaning that an oxidation step was not required for solubilization as 
was the case in the work of Altomare et al., (1999). As Zn exists almost exclusively 
as Zn2+ in natural soils and waters (Ward, 2000) this study creates the most likely soil 
conditions where Zn is bound to organic matter in soil. 
The nature and make up of the acidic species produced as metabolites by all three 
species of fungi were not determined although it was shown that only C. versicolor 
produced oxalic acid (thought to be one of the most important organic acids for 
increasing metal availability (Fomina et al., 2004a, b). The nature and quantity of 
organic acids produced are dependant on pH, buffering, phosphorus and nitrogen 
sources and presence of metals in the medium (Fomina et al., 2004b). Altomare et al. 
(1999) tested for organic acid production by T. harzianum T22 in sucrose yeast- 
extract broth and found that none were produced. Here we showed production of 
fumaric, malic and particularly lactic acid in glucose-based medium demonstrating the 
importance of the medium composition on organic acid production. Here we only 
tested one medium with and without zinc so it is not possible to rule out the 
possibility that the two Trichoderma species could produce oxalates under different 
conditions. 
Fomina et al. (2004a) observed that the lowest pH values and the greatest amount of 
biomass were produced by the most zinc-tolerant strains. All three fungi tested in this 
study grew well in the zinc-amended medium and produced low pH values (-' 4) after 
14 days growth. Fomina et al. (2004a) noted that the most tolerant fungal strains 
contained the least zinc within their cells (although large quantities were present on 
the outer structures). When NH4+ was used as the nitrogen source by Fomina et al. 
(2004a) they concluded that acidolysis (protonation) was the major mechanism of zinc 
dissolution and that this could be further enhanced by primary and secondary fungal 
metabolites, the most important of which are carboxylic acids which act as metal 
chelators. In the current study metal chelators (and possibly other metabolites) were 
the major factor in causing Zn dissolution and not acidification despite the fact that 
N -l4 (ammonium tartrate) was used as the nitrogen source. We found here that a pH 
of around 3.5-3.0 was needed to cause significant desorbtion of Zn (Fig 6.6) whereas 
the pH only reached around 4.5 in the microcosms without Zn (Fig 6.5) and around 
4.0 in the microcosms with Zn except for C. versicolor grown in Zn medium which 
reached a pH of 3.4. Hence, in our study acidification may have had a small influence 
on Zn desorbtion. The lactic acid produced by T harzianum T22 is not a strong metal 
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chelator. Lactic acid erodes minerals in acidic solution by protonolysis (Fomina et al., 
2004a). Therefore the organic acids that were tested in the filtrates of T. harzianum 
T22 could not have been the major contributors to the acidification of the medium as 
the concentrations decreased between day 6 and 14 when the pH of the medium 
continued to fall. 
The addition of zinc did not stimulate the production of oxalic acid in any of the three 
fungi (it in fact, decreased production in C. versicolor). This result was not observed 
by Fomina et al. (2004a) who observed production of oxalic acid by B. caledonica 
only in the presence of zinc and lead. Their explanation for this was that metal ions 
can positively influence the activity of the enzymes of glycolysis and the TCA cycle 
resulting in an increase in the amount of carboxylic acids produced. 
Fomina et al. (2004a) stated that over production of oxalic acid is involved in lignin 
and cellulose degradation by the wood-rotting fungi. This may explain why it was 
detected in C. versicolor. 
The data presented here demonstrate the ability of fungi to increase the desorption of 
a metal from an organic carrier. Although there maybe marked differences between 
the exudation patterns of these fungi in liquid culture and when they are growing 
naturally (on plant roots in the case of T. harzianum T22) this study still demonstrates 
that fungi can have a significant effect on the desorbtion of metals from organic 
matter. This could have applications in metal removal from organic matter in soils 
contaminated with metals by increasing metal bioavailability and thusly increasing the 
rate of phytoremediation. This is especially true with T. harzianum T22 as its 
desorbing effects were shown to be constitutively produced. Unlike C. versicolor, T. 
harzianum T22 can easily be seeded and maintained in soil and (unlike T reesei) 
easily delivered to the site of contamination on plant roots. It remains to be seen if 
these trends (together with T. harzianum T22-mediated growth promotion of trees) 
can be demonstrated outside the laboratory under field conditions. 
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7. Field studies to determine the effects of T. harzianum T22 on the 
growth of willow (Salix fragilis) and poplar (Populus tremula) 
saplings in clean and metal-contaminated soil 
7.1 Summary 
Having demonstrated the ability of T harzianum T22 to mediate growth promotion in 
crack willow in the growth chamber and desorb metals from organic matter the next 
important step for the application of T harzianum T22 was to demonstrate the 
effectiveness of the fungus under field conditions. Crack willow (Salix fragilis) and 
aspen poplar (Populus tremula) were chosen for their fast growth rate and ability to 
withstand a range of growth conditions. Rooted saplings (about 60 cm in height) were 
grown over a period of 15 months in a sandy soil at a site in Hampshire with 
inoculation administered via a root drench at planting (July 2004) and in some cases 
the following spring (March 2005) when more saplings were planted including some 
un-rooted canes. Saplings were also grown in sunken pots in metal-contaminated soil 
at the site. Shoot height was measured monthly and stem biomass was measured at 
harvesting. 
A second trial using crack willow raised hydroponically from canes and inoculated 
with either T harzianum T22 or ectomycorrhiza alone or the two combined was set 
up at a metal-contaminated site at Thamesmead in May 2005. 
In clean soil poplars responded more positively to the T harzianum T22 treatment 
than crack willow but neither species showed sustained significant growth promotion 
(although significantly higher growth rates were recorded in some instances over the 
summer). The re-inoculation in the spring had a negative effect on willow (controls 
producing significantly higher growth rates and stem biomass). Poplars showed a 
slight positive (but not significant) response to re-inoculation with T harzianum T22. 
The saplings planted in spring (including the canes) showed no significant effects to 
the T. harzianum T22 treatment. Potted saplings showed a negative response to T 
harzianum T22 producing significantly shorter shoots, a slower growth rate and 
significantly less stem biomass. Poplars showed a mild slight but not significant 
positive response to biomass. 
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Low temperatures in the field were thought to be a major factor for the lack of growth 
response to T22. Other factors attributed to the failure of T harzianum T22 to give a 
positive effect included the age of the saplings and the possibility that the saplings had 
been inoculated with mycorrhiza at the supplier's nursery making it difficult for T 
harzianum T22 to establish. 
In the metal-contaminated trial at Thamesmead, the root inoculations had no affect on 
shoot height by January 2006. However, survival rates of saplings inoculated with T. 
harzianum T22 were significantly higher than those treated with ectomycorrhiza. T 
harzianum T22-treated saplings preformed the best with respect to the majority of 
growth aspects tested suggesting that T harzianum T22 aids crack willow survival in 
metal-contaminated soil. 
7.2 Introduction 
The growth-promoting abilities of T. harzianum T22 on annual plants and crops are 
well known and accepted (Harman, 2000). These effects are best demonstrated at 
warmer temperatures close to the optimum growth temperature of the fungus (30°C). 
However, the data presented in chapter 5 clearly demonstrated that T harzianum T22 
can effectively mediate growth promotion of crack willow (Salix fragilis) at 25°C in 
the growth chamber and that these effects could be more dramatic than those 
produced by a mixture of ectomycorrhiza. 
Hence, this study proposed to examine T. harzianum T22-mediated growth promotion 
under British field conditions over a period of 12 months at a nursery in Surrey owned 
and maintained by Forest Research. The soil temperatures expected in British soil 
will be at their highest in SE England and were shown in previous years to vary 
between 2 and 25°C at the Headley nursery, Hampshire. 
The previous chapter also demonstrated how T harzianum T22 could be used to 
promote crack willow growth in metal-contaminated soil but that the effect was 
slightly less compared to growth promotion in non-contaminated soils. 
The potential benefits of T harzianum T22-mediated growth promotion on 
trees are as follows: Tree root systems inoculated with T. harzianum T22 could grow 
larger and deeper, holding together larger quantities of soil thus preventing soil 
erosion and promoting land stabilisation. T. harzianum T22 inoculated trees could 
grow larger producing more biomass for various applications including chipped wood 
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for fuel that can be used for electricity production. If T. harzianum T22 does promote 
the uptake of organics and/or metals into plants (thought to be the case) it could 
increase the rate of phytoremediation (providing the levels are not toxic to the tree). If 
T harzianum T22 promotes metal uptake into biomass (shown to be the case in 
microcosms in chapter 5 where T harzianum T22 increased both essential and heavy 
metal uptake by 25-40% in stems) then metal-contaminated soils could be rernediated 
significantly faster and the metals recovered from the ashed biomass. 
Poplar and willow trees are ideal for these potential applications as they are fast 
growing, will tolerate poor quality soils, exposed sites, contaminated sites and dry 
sites (Populus tremula) as well as wet sites (Salix fragilis and Popalus tremula). Both 
these tree species can be coppiced meaning re-planting is not necessary when 
harvesting the biomass. Willows can be planted from canes meaning that rooted 
saplings are not required. 
Therefore, the combination of poplar or willow together with T. harzianum T22 could 
be a promising method to remediate/stabilise contaminated sites while producing 
wood for commercial applications. 
7.3 Materials and Methods 
7.3.1 Headley Site description and preparation 
For the trial a rectangular plot of land measuring 35m x 10m at Headley nursery (just 
outside Wrecclesham, Surrey) was used. The soil was very sandy (72.7% sand and 
27.3% slit), well draining and low in organic matter (3.2% organic matter by weight). 
The pH of the soil was determined as 6.2. The land was rotivated to a depth of 15 cm 
to remove all surface weeds. No fertiliser or other chemical treatments were applied 
as this may have affected the establishment and success of T, harzianum T22 and not 
give a true indication of the likely results from un-worked sites. A central watering 
pipe was installed through the middle of the plot (lengthwise) and electric fencing 
installed around the perimeter to keep out herbivores. 
Ten 4x4m plots were marked out producing 160 individually marked 1 m2 plots. Each 
4x4m plot was separated by a 2m strip of fallow soil. (See Fig 7.1). No pesticides, 
herbicides or fertilizers were used at any time. 
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7.3.2 Planting of willow and poplar saplings 
Willow (Salix fragilis) and poplar (Populus tremula) were purchased as 60cm rooted 
saplings that were provided in peat plugs (Cheviot Trees LTD, Berwick upon Tweed). 
Using a randomisation table, five 4x4m plots were chosen as control plots and the 
other five as treatment plots. Into each plot 10 trees were planted (five poplars and 
five willows in a random design) (Fig 7.1). Control saplings were planted without 
treatment and watered in thoroughly. Saplings were treated with T. harzianum T22 by 
pouring 500m1 of a suspension of Plantshield HCTM in water (containing 107 spores g- 
1 T. harzianum T22 on inert clay particles) (0.3 g 171) over the root ball after the 
sapling had been placed into the hole where it was to be planted. The hole was then 
filled in with soil. Saplings were watered thoroughly as required throughout the study. 
Sapling height was measured monthly to give the growth rate and determine whether 
or not growth promotion was occurring. 
In addition to the ten 4x4m plots, twenty 23 cm (4 1) diameter plastic pots were sunk 
into the ground down the centre of the field plot (see Fig 7.1). One part native soil (2 
1) to one part metal-contaminated soil (2 1) was put into each pot. The metal- 
contaminated soil was the same soil used in the growth promotion study in the growth 
chamber and was obtained from Thamesmead, London (see chapter 5). It was diluted 
50% with non-contaminated soil due to a shortage of contaminated soil. Ten poplar 
and ten willow saplings were planted into the pots (5 of each inoculated with T. 
harzianum T22 as described previously). The location of each was decided using a 
random number table. This study aimed to examine the effect of T. harzicmum T22 on 
growth promotion in metal-contaminated soil under field conditions. 
The following spring (March '05) half of the existing treated poplars and willows 
were re-inoculated with T. harzianum T22 using the same soil drench technique 
described above. Plants receiving this treatment were chosen using a random number 
table. The twelve new replicates of each of the four treatments were planted into the 
existing gaps in the quadrants. The position of each plant was determined using a 
randomised number table (Fig 7.1). Twelve treated and 12 non-treated 60 cm 
unrooted willow canes were planted at the back of the plot using four 2x3 m plots. 
Treated canes were dipped into gum guar (Sigma) containing Plantshield HCTm 
powder at 0.3g kg-1. These new additions aimed to examine the effect of different 
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inoculation methods on the response of poplar and willow saplings to T harzianum 
T22 at different times throughout the year. 
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Fig 7.1: Layout and design of the clean soil field trial at Headley, Hampshire. 
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7.3.3 Determining sapling height 
Saplings were measured monthly during the months of active growth using a standard 
tape measure. The sapling height was determined as the length from the base of the 
tree to the apex of the tallest branch (excluding leaves). 
7.3.4 Determining stem dry weight 
To determine stem dry weight, saplings were harvested at the end of autumn (Nov) 
2005 after a 15 month growth period for the original trees and after 8 months growth 
for the new trees and canes planted in the spring (March) of 2005. Saplings were cut 
at ground level and all leaves were removed. Subsequently the stem was cut into 20 
cm pieces, tied into bundles, placed in metal trays and labelled. Trays were then 
placed in an oven at 75°C for 3 days (until a constant dry weight was reached). The 
dry weight of each stem was determined to the nearest 0.5 g. 
7.3.5 Thamesmead trial (metal-contaminated soil) May 2005 
To examine the effect of T harzianum T22 on plant growth in metal-contaminated 
soil a trial was set up in the same location where the metal-contaminated soil was 
taken for the tree growth promotion study (See chapter 5) (Thamesmead on the 
Greenwich Peninsula, London). The site was part of the Royal Arsenal and the soil 
contained elevated levels of a range of heavy metals including Cr, Ni, Pb, Sn and Zn. 
Ectomycorrhiza (Symbio, see chapter 5) were used singly and in conjunction with T 
harzianum T22 treatments along with a non-inoculated control treatment. The soil 
was ploughed (to homogenise the soil as much as possible to a depth of 1 m) and the 
larger stones, plant material and other debris removed. A fence was constructed 
around the perimeter to keep out rabbits. 
The site was divided into seven 12 x 12 m blocks. Inside each of these, four, 6x6m 
blocks were marked out (see Fig 7.2) each representing one of the four treatments. 
The location of the treatments within the blocks was random. 
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7.3.6 Raising and planting of willows 
One thousand crack willow canes (approx 30cm in length) were inserted into perlite 
containing 1/4 strength Hoagland's solution (Hoagland and Amon, 1941). The canes 
were then grown for 21 days in a polytunnel at 20-25°C with a 16 hour photoperiod. 
After 21 days the willows had produced leaves and roots suitable for inoculation with 
the fungal treatments. 
Inoculants were prepared in 2.5 1 quantities in water containing gum guar (Sigma). 
Sufficient gum guar was added to create a wallpaper-like paste to which the fungal 
powders were added. T harzianum T22 and mycorrhiza were added at 3g 1"I while the 
combined inoculant contained 1.5g 1-1 of each. 
Willows had all but one shoot removed (this shoot being located approximately 2cm 
below the top of the stem). The roots were then dipped into the appropriate inoculant 
solutions and were shaken gently to remove excess inoculum. Twenty five willows 
were then planted into each of the 6x6m sublocks at a spacing of 1m between 
saplings. A gap of 2m existed between sublocks. The outermost trees in each sub- 
block acted as a guard row (see Fig 7.2) giving 9 experimental replicates of each of 
the four treatments per block. Trees were planted such that the remaining shoot was 4 
cm above the surface of the soil to encourage deep rooting. 
7.3.7 Determination of metal concentrations and pH in soil 
Soil samples were taken in March 2005 at 5 locations in each sub-block at depths of 
0-20,20-40 and 60+ cm giving a total of 15 samples per sub-block. The pH of each of 
the soil samples was also determined. The plant available Cu, Zn, Cd, Ni, Pb and As 
concentrations (mg kg- 1) were determined for each sample by extraction with 0.01M 
CaC12 (Esnaola et al., 2000). In brief, 2g of <2 mm air-dry soil was shaken with 20 
ml of 0.01 M CaCl2 solution for 2 hours, centrifuged and the supernatant extracted 
with a syringe. Analysis for metals was carried out using Inductively Coupled Plasma 
Optical Emission Spectrometry (ICP-OES). Total metal content was determined using 
X-Ray Fluorescence (XRF) (Niton XLt 700 series portable environmental analyser; 
Kilbride et al., 2006). This analysis was independent of the results given in chapter 5. 
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7.3.8 Determination of sapling height, health and biomass 
Sapling height was determined in July and August 2005 after 3 and 4 months growth 
by measuring the nine saplings within the guard row of each sublock. In August 2005 
four saplings from the corners of each guard row were uprooted and used to determine 
biomass production. Tree health was also determined semi-quantitatively by assigning 
each sapling a number between 1 and 5 (where 1 is actively growing, no damage or 
discolouration and 5 indicated a dead tree). This judgement was made by the same 
person at all sampling times to avoid personal bias. 
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Fig 7,2: Layout and design of the metal-contaminated soil field trial at Thamesmead, London. Re- 
produced with permission from the original experimental plan by Forest Research. 
7.3.9 Statistical Analysis 
Each of the 7 sub-blocks were treated as a replicate due to the heterogeneous nature of 
the site (unlike the situation at Headley where the soil was homogenised and each 
sapling was treated as a replicate). ANOVA was used to determine if there were 
significant treatment effects. Correlation tests (Pearson's) were conducted to examine 
for links between soil metal concentrations and aspects of growth. 
7.4 Results 
7.4.1 Headley 
7.4.1.1 Original Trees 
T harzianum T22 had overall no significant effect on the shoot height and growth rate 
of poplar saplings (Fig 7.3). Both aspects of growth were very similar regardless of 
treatment with the exception of the growth rate at weeks 48-52 (July - August 2005) 
where T harzianum T22-treated saplings grew on average 4 cm more than control 
saplings (19 cm compared to 15 cm, P<0.05). 
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Fig 7.3: Effect of T. harzianum T22 on the shoot height (control: red bars, T22: yellow bars) and 
growth rate (control: blue line, T22: black line) of aspen poplar (Populus tremula) grown for a year in 
field conditions at a site in Hampshire. Saplings were inoculated via a root drench. Error bars show the 
standard error above and below the mean (n-25). 
However, T harzianum T22 had no noticeable sustained positive effect on the height 
or growth rate of willow saplings (Fig 7.4). Control saplings were significantly taller 
on average than T. harzianum T22-treated saplings for the 1" 56 weeks (P < 0.05) but 
this effect was due to the fact that they were on average 7 cm taller at the start of the 
study. The fact that this significance was lost at 56 weeks indicated that overall during 
this period T. harzianum T22-treated saplings grew faster than controls. The 
difference in growth rate was not found to be significant at 6-10 weeks (where control 
saplings grew on average 6 cm compared to 3.5 by T. harzianum T22-treated sapling 
(P = 0.07) or at 52-56 weeks (August - September 2005) when T. harzianum T22- 
treated saplings grew on average 18 cm compared to 13.5 cm for the controls, P= 
0.07). Control saplings did grow significantly faster at 60-64 weeks (September - 
November 2005) growing on average 2 cm compared to 0.5 cm with T harzianum 
T22 (P < 0.05). However, this difference was very small and not thought to be of any 
importance given the time of year so close to the end of the growing season. 
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Fig 7.4: Effect of T. harzianum T22 on the shoot height (control: red bars, T22: yellow bars) and 
growth rate (control: blue line, T22: black line) of crack willow (Salix fragilis) grown for a year in field 
conditions at a site in Hampshire. Saplings were inoculated via a root drench. Error bars show the 
standard error above and below the mean (n=25). 
Control willow saplings produced on average just over 20 g more stem biomass than 
T harzianum T22-treated saplings (Fig 7.5). The trend with poplar was reversed with 
T. harzianum T22-treated saplings producing on average 8g more stem biomass than 
controls. Neither of these observations was found to be significant. 
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Fig 75: Effect of T. harzianum T22 on the stem dry weight (control: red bars, T22: yellow bars) of 
crack willow (Salixfragilis) and aspen poplar (Populus tremula) grown for a year in field conditions at 
a site in Hampshire. Saplings were inoculated via a root drench. Biomass was dried for 3 days at 75°C. 
Error bars show the standard error above and below the mean (n-25). 
7.4.1.2 Effect of Re-inoculation with T. harzianum T22 (March 2005) 
Re-inoculation of saplings with T harzianum T22 in spring 2005 appeared to have a 
small positive effect on the growth rate and stem height of poplar (Fig 7.6). Re- 
inoculated saplings began on average 3 cm smaller than those inoculated only in July 
2004 but finished on average 5.5 cm taller. This was due to the higher growth rate 
seen between 8-24 weeks after re-inoculation (Fig 7.6). However, these higher growth 
rates were not found to be significant: at weeks 12-16 (June - July 2005) saplings 
treated the previous summer grew on average 7.5 cm compared to 10.8 cm by 
saplings re-inoculated in spring (P = 0.08). At weeks 16-20 (July - August 2005) 
those saplings inoculated last summer grew on average 17.8 cm compared to 20.3 cm 
by saplings that were re-inoculated in the spring (P = 0.17). During weeks 20-24 
(August - September 2005) those saplings receiving a single inoculum grew 20 cm 
compared to 22 cm by saplings that received two inoculations (P = 0.29). 
In contrast to the effect seen with poplar, re-inoculation caused significant negative 
effects on the growth of willow saplings (Fig 7.7). During weeks 16-20 (July - 
August 2005) saplings inoculated only in July 2004 grew twice as fast as those re- 
inoculated in March 2005 (10 cm compared to 5 cm, P=0.02). During weeks 20-24 
(August - September 2005) saplings inoculated in July only, grew 10 cm more on 
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average than those re-inoculated in March 2005 (23 cm compared to 13 cm, P< 
0.005). However, despite these differences in growth rates, saplings that were only 
inoculated in July 2004 were only found to be significantly taller in November 2005 
compared to those that were inoculated twice (121 cm compared to 104 cm, P<0.05) 
(Figs 7.6 and 7.7). 
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Fig 7.6: Effect of re-inoculating aspen poplar (Populus tremula) with T. harzianum T22 in spring 
(March 2005) on the shoot height (single treatment: red bars, re-inoculated: yellow bars) and growth 
rate (single treatment: blue line, re-inoculated: black line) compared to those saplings inoculated singly 
in July 2004. Saplings were grown in field conditions at a site in Hampshire. Saplings were inoculated 
via a root drench on both occasions. Error bars show the standard error above and below the mean 
(Saplings inoculated singly in July 2004 n=13; saplings re-inoculated in spring (March) 2005 n-12). 
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Fig 7.7: Effect of re-inoculating crack willow (Salix fragilis) with T. harzianum T22 in spring (March 
2005) on the shoot height (single treatment: red bars, re-inoculated: yellow bars) and growth rate 
(single treatment: blue line, re-inoculated: black line) compared to those saplings inoculated singly in 
July 2004. Saplings were grown in field conditions at a site in Hampshire. Saplings were inoculated via 
a root drench on both occasions. Error bars show the standard error above and below the mean 
(Saplings inoculated singly in July 2004 n=13; saplings re-inoculated in spring (March) 2005 n=12). 
The stem dry weight data (Fig 7.8) further followed the same trend as the height and 
growth rate data (Figs 7.6 and 7.7) in that a re-inoculation in spring appeared 
beneficial to poplar but harmful to willow. Willows inoculated only in July 2004 
produced on average 55 g more stem biomass (dry weight) than those re-inoculated in 
spring 2005, P=0.015). Whereas poplars re-inoculated in spring produced on average 
21 g more stem biomass than those inoculated only in July 2004. However, this 
difference was not significant (P = 0.22). 
158 
200 
PM" 2 180 
160 
140 
120 
100 
80- 
d 40 
20 
a0 
Inoculated Re- Inoculated Re- 
7/04 inoculated 7/04 inoculated 
3/05 3/05 
Willow Fbplar 
Fig 7.8: Effect of re-inoculating (green bars) crack willow (Salix fragilis) and aspen poplar (Populus 
tremula) with T. harzianum T22 in spring (March 2005) on the stem dry weight compared to those 
saplings inoculated singly in July 2004 (blue bars). Saplings were grown in field conditions at a site in 
Hampshire. Saplings were inoculated via a root drench on both occasions. Error bars show the standard 
error above and below the mean (Saplings inoculated singly in July 2004 n=13; saplings re-inoculated 
in spring (March) 2005 n=12). 
7.4.1.3 Saplings planted in spring (March) 2005 
T harzianum T22 had no significant effect on the shoot height or growth rate of 
poplar when inoculated in spring (as opposed to late summer) and grown for a period 
of eight months (Fig 7.9). 
The effect of a spring inoculation on willow appeared more positive (Fig 7.10) but 
growth of the willow saplings was poor (most saplings only increased on average 
about 5 cm over the entire growth period). This was most likely due to extensive 
caterpillar damage. This damage proved more influential to young saplings than the 
established saplings from last year which also suffered leaf damage but not a drop in 
growth rate. The extent of leaf damage was not entirely constant meaning some 
saplings were affected more than others. This gave rise to some considerable extra 
variation in shoot heights and growth rates (Fig 7.10). The only significant difference 
was observed at weeks 20-24 (August - September 2005) when the growth rate of 
T. 
harzianum T22-treated saplings was significantly higher than the non-inoculated 
controls (an average increase of 3.3 cm was recorded compared to no growth for the 
controls, P=0.02). 
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Fig 7.9: Effect of T. harzianum T22 on the shoot height (control: red bars, T22: yellow bars) and 
growth rate (control: blue line, T22: black line) of aspen poplar (Populus tremula) grown for an eight 
month period in field conditions at a site in Hampshire. Saplings were inoculated via a root drench in 
spring 2005. Error bars show the standard error above and below the mean (n=12). 
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Fig 7.10: Effect of T. harzianum T22 on the shoot height (control: red bars, T22: yellow bars) and 
growth rate (control: blue line, T22: black line) of crack willow (Salix fragilis) grown for an eight 
month period in field conditions at a site in Hampshire. Saplings were inoculated via a root drench in 
spring 2005. Error bars show the standard error above and below the mean (n=12). 
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The stem dry weight data (Fig 7.11) also showed no significant T. harzianum T22- 
mediated effects on the young saplings planted in spring 2005. 
Fig 7.11: Effect of T. harzianum T22 on the stem dry weight (control: red bars, T22: yellow bars) of 
crack willow (Salix fragilis) and aspen poplar (Populus tremula) grown for an eight month period in 
field conditions at a site in Hampshire. Saplings were inoculated via a root drench in spring 2005. 
Biomass was dried for 3 days at 75°C. Error bars show the standard error above and below the mean 
(n= 12). 
7.4.1.4 Effect of T. harzianum T22 on willows grown from canes 
All 24 willow canes successfully rooted but (like the rooted willows planted in spring 
2005) little growth was observed in terms of sapling height over the eight month 
growth period (Fig 7.12). Very little (if any) caterpillar damage was observed with the 
willow canes but leaves remained close to the main stem and very little branching was 
observed. No significant T harzianum T22-mediated effects were seen with respect to 
sapling height or growth rate. The highest sapling growth rate was observed between 
20-24 weeks (August - September 2005) when control sapling grew on average 
6 cm 
compared to 3.5 cm by T harzianum T22-treated saplings. This difference was not 
significant (P = 0.17). Variation in sapling height and growth rate in willows grown 
from canes was not as variable as the height and growth rate of rooted willows 
planted in spring 2005. 
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Fig 7.12: Effect of T. harzianum T22 on the shoot height (control: red bars, T22: yellow bars) and 
growth rate (control: blue line, T22: black line) of crack willow (Salix fragilis) grown for an eight 
month period in field conditions at a site in Hampshire. Saplings were grown from canes inoculated by 
dipping in gum guar containing T. harzianum T22. Un-rooted canes were inserted straight into the soil 
at the field site in spring 2005. Error bars show the standard error above and below the mean (n=12). 
T harzianum T22 had no significant effect on willow stem biomass when willows 
were raised from canes, inoculated and planted in spring (Fig 7.13). 
Fig 7.13: Effect of T. harzianum T22 on the stem dry weight (control: red bars, T22: yellow bars) of 
crack willow (Salix fragilis) grown for an eight month period in field conditions at a site in Hampshire. 
Saplings were grown from canes inoculated by dipping in gum guar containing T22. Un-rooted canes 
were inserted straight into the soil at the field site in spring 2005. Error bars show the standard error 
above and below the mean (n=12). 
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7.4.1.5 Container-grown saplings 
T. harzianum T22 had no clear effect on the sapling height of poplars grown in 
containers of metal-contaminated soil (Fig 7.14). The growth rate was erratic but at no 
time significantly different between control and T. harzianum T22-treated saplings. 
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Fig 7.14: Effect of T. harzionum T22 on the shoot height (control: red bars, T22: yellow bars) and 
growth rate (control: blue line, T22: black line) of aspen poplar (Populus tremula) grown for a year in 
sunken containers containing metal-contaminated soil in field conditions at a site in Hampshire. The 
soil (which contained elevated levels of most metals) was diluted 1/2 with native field soil. Saplings 
were inoculated via a root drench. Error bars show the standard error above and below the mean (n=5). 
T harzianum T22 had a negative effect on the sapling height and growth rate of 
willows grown in containers of metal-contaminated soil (Fig 7.15). Sapling height of 
controls was significantly (P < 0.05) greater than saplings that were treated with T. 
harzianum T22 in July 2005. This difference remained significant for the remainder 
of the trial. The growth rate of the controls was significantly higher from weeks 40-44 
(May - June 2005) and continued to be higher until week 56 (September 2005). 
During this period the difference in growth rate between non-inoculated and 
inoculated saplings continued to rise (3.5 cm during weeks 40-44 (May - June), P= 
0.03; 6.5 cm during weeks 44-48 (June - July), P=0.02; 10 cm during weeks 48-52 
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(July - August), p=0.02 and 11.5 cm during weeks 52-56 (August - September), P= 
0.02). 
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Fig 7.15: Effect of T. harzianum T22 on the shoot height (control: red bars, T22: yellow bars) and 
growth rate (control: blue line, T22: black line) of crack willow (Salix fragilis) grown for a year in 
sunken containers containing metal-contaminated soil in field conditions at a site in Hampshire. The 
soil (which contained elevated levels of most metals) was diluted 1/2 with native field soil. Saplings 
were inoculated via a root drench. Error bars show the standard error above and below the mean (n=5). 
The stem dry weights (Fig 7.16) of the plants growing in metal contaminated soil 
reflected the trends displayed by the sapling height and growth rate data in that 
significantly more willow biomass was produced by the control saplings than those 
treated with T. harzianum T22 (a difference of 108 g on average, P<0.001). T 
harzianum T22-treated poplars produced on average, 14 g more stem biomass than 
controls but this difference was not significant (P = 0.28). 
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Fig 7.16: Effect of T. harzianum T22 on the dry weight stem biomass (control: red bars, T22: yellow 
bars) of aspen poplar (Populus tremula) and crack willow (Salix fragilis) grown for a year in sunken 
containers containing metal-contaminated soil in field conditions at a site in Hampshire. The soil 
(which contained elevated levels of most metals) was diluted 1/2 with native field soil. Saplings were 
inoculated via a root drench. Error bars show the standard error above and below the mean (n=5). 
7.4.2 Thamesmead trial 
Analysis by ANOVA indicated that there were no significant differences between the 
four treatments with respect to shoot height during July 2005, August 2005 and 
January 2006 (Fig 7.17). The differences in growth rate were also found to be 
insignificant during these growth periods (data not shown). 
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Fig 7,17: Effect of inoculating crack willow (Salix, fragilis) roots with T. harzianum T22 (yellow bars), 
ectomycorrhiza (green bars) and a combination of the two (blue bars) against a control (red bars) on the 
shoot height (cm) when grown in metal-contaminated soil at a site in Thamesmead, London. Willows 
were raised from canes hydroponically, inoculated via a root dip and planted in May 2005. Error bars 
show the standard error above and below the mean, n=7. 
Even though T. harzianum T22-treated saplings produced the most stem biomass and 
total dry biomass, There were no significant differences between the dry biomass 
produced by the four treatments during August 2005 (Fig 7.18). 
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Fig 7.18: Effect of inoculating crack willow (Salix fragilis) roots with T. harzianum T22 (yellow bars), 
ectomycorrhiza (green bars) and a combination of the two (blue bars) against a control (red bars) on the 
dry biomass (g) when grown in metal-contaminated soil at a site in Thamesmead, London. Willows 
were raised from canes hydroponically, inoculated via a root dip and planted in May 2005. Sapling 
harvested in August 2005. Error bars show the standard error above and below the mean, n=7. 
The plant available metal concentrations in the soil were very low (< 1 mg per kg in 
most cases, Fig 7.19). No significant differences were seen between the sub-blocks. 
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Fig 7.19: Plant available metal concentrations (mg per kg soil) determined in sublocks containing 
willows inoculated with T harzianum T22 (yellow bars), ectomycorrhiza (green bars) and a 
combination of the two (blue bars) against a control (red bars) at a site in Thamesmead, London. 
Samples were taken from 5 locations at 3 different depths in each block. Concentrations determined by 
ICP-OES. 
T harzianum T22-treated saplings produced the best survival rates and the healthiest 
plants of the four treatments (Table 7.1). Although these factors were not significant 
when analyzed by ANOVA significance was seen when variables were compared 
separately using a t-test showing that the survival rate of T. harzianum T22-inoculated 
plants was significantly (-20%) higher than that of the ectomycorrhiza (P < 0.01) in 
Jan-06. These data suggest (particularly in Jan-06) that T. harziarnum T22 alone (and 
to a lesser extent when combined with ectomycorrhiza) aided the survival of crack 
willow in metal-contaminated soil (P = 0.06 for T. harzianum T22 against the 
control). 
Table 7.1: Effect of T. harzianum T22, ectomycorrhiza and a combined treatment on the survival and 
health of crack willow (Salix fragilis) saplings. Saplings were inoculated via a root dip and grown in a 
metal-contaminated soil at a site in Thamesmead, London. Tree health is shown using a semi 
quantitative number system where 1 indicates perfect health and 5 indicates death; n=7. 
Treatment Survival /9 Tree Health 
Jul-05 Aug-05 Jan-06 (Jan-06) 
Control 8.57 7.86 7.00 2.25 
T. harzianum T22 9.00 8.29 8.14 1.95 
Ectomycorrhiza 8.71 7.29 6.71 2.48 
Combined 8.86 7.86 7.43 2.16 
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No significant correlation was seen between metal concentrations in soil (either total 
or plant-available) and growth aspects such as shoot height, plant health or survival of 
the control saplings. The biomass (in August 2005) of saplings grown with T 
harzianum T22 was found to be negatively correlated with total metal concentration 
(P < 0.05). Survival (in January 2006) of saplings treated with both T. harzianum T22 
and ectomycorrhiza was found to be negatively correlated with available metal 
concentration (P < 0.05). 
7.5 Discussion 
The original poplar and willow saplings were grown for a total of 15 months over 
which time very little evidence of T. harzianum T22-promoted growth promotion was 
seen. The only exception was a significantly higher growth rate of poplar between 
July - August 2005. The fact that a response was seen after 12 months growth does 
suggest that T harzianum T22 survived the winter temperatures and continued to 
remain viable on saplings roots. 
The re-inoculation of established saplings in spring 2005 appeared to have a positive 
effect on the growth rate of poplar between the summer months of June -- September 
and on average 21 g more stem biomass was produced per inoculated tree (although 
this difference was not significant). On the other hand, the re-inoculation had a 
significant negative effect on the growth of willow saplings. Control saplings grew 
significantly faster between July - September and had shoot heights that were 
significantly greater than the inoculated saplings in November 2005 (after 8 months 
growth - Fig 7.7). The same was true for the stem biomass which was 55 g less on 
average if plants were re-inoculated. The spring (March 2005) should have been an 
ideal time to inoculate as it was just before the start of the growing season. It is 
possible that the inoculation quantity was too high (although not apparently for 
poplar) and this may have caused a detrimental effect on the plants where establishing 
plants would have to compete for available nutrients with the fungus. 
The new trees planted in spring (March) 2005 also showed little evidence that T 
harzianum T22 would give rise to larger trees under British field conditions. It is 
possible that the soil temperature at this time (shown to be 5-10°C at 30 cm deep in 
previous years; Forest Research data) was too cold to allow T. harzianum T22 to 
establish and grow on the roots. There was no effect on poplar and only during a 
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single month (between August and September) was the growth rate of willows 
significantly faster for T22-treated saplings. This might be due to the high 
temperatures that were recorded during this time (Met office records), which could 
have favoured T harziamam T22 induced growth promotion. 
Willows planted in the spring of the 2' season (March 2005) grew very poorly due to 
caterpillar damage and this certainly could have affected the results. In the first year 
of the trial willows grew faster than poplars. In the second year it was the poplars 
that grew faster producing more biomass than the willows suggesting that poplar took 
longer to establish. 
The willow canes established well but like the other willows planted in spring 
2005 did not grow as quickly as those planted in July 2004. Very little branching was 
seen and leaves remained close to the stems. Caterpillar damage was not seen. The 
root dip technique used for inoculation of the canes was unlikely to have delivered a 
dose of T. harzianum T22 that was too high. However, no significant differences 
between treated and non-treated plants were seen at any time with respect to growth 
rate, height or biomass. This may have been due to a lack of establishment of T 
harzianum T22 on the non-rooted canes, (although this was not tested) or a 
temperature factor. 
In the metal-contaminated pots willows responded negatively to the presence 
of T. harzianurn T22 with the shoot height of T harzianum T22-treated plants being 
significantly smaller than the shoot height of the non-treated controls. These results 
were similar to the re-inoculation response. Non-inoculated willows produced on 
average 108 g more stem biomass than T. harzianum T22-treated saplings. The metal- 
contaminated soil had no negative effects on poplar. It was seen in previous work 
(chapter 5) how the presence of heavy metals decreased the degree of growth 
promotion but it didn't remove it all together. The reduction in growth could be due 
to T. harzianum T22 increasing metal uptake from contaminated soil thus increasing 
metal toxicity of the inoculated plants without providing any growth promotion at the 
relatively low soil temperatures. The growth promotion (seen in the growth chamber) 
would have reduced the relative concentration of metals in the biomass reducing 
toxicity. Whereas growth promotion did not occur in the pots at Headley resulting in a 
higher concentration of metals in the biomass causing toxicity. If this was the case it 
is not clear why one effect of T. harzianum T22 should occur (increased metal uptake) 
without the other associated effects (growth promotion). With hindsight, it would 
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have been useful to analyze the potted trees for metal content. This is being done at 
Thamesmead but the results were not available at the time of production. 
The reasons for the lack of aT harzianum T22 response were first thought to 
be due to the inoculation time - late summer is not an ideal time to inoculate and plant 
trees as plant growth is slowing down in preparation for winter (although the soil 
temperatures would have been at their highest). It was also thought that the 
inoculation load may have been too high (although the detrimental effects were not 
seen with poplar). A more likely explanation is that the trees used for the trial were 
too old and well established to respond to T harzianum T22 (established, well rooted 
saplings were used). Work by Karlson and Dowling (2005) suggested that willows 
only took up bacterial cells into the xylem (that could then contribute to pollutant 
break down) during the very early stages of their lives. They showed that roots of 
young plants are much more permeable and hence were more susceptible to microbial 
infection. T harzianum T22 has been shown to partially penetrate root cells (Harman 
et al., 2004a) so younger, more permeable cells should be colonised more easily than 
the established, tougher roots within the peat plug used in trial. Jeffries et al. (2003) 
also state that AMF should be introduced early in the plant developmental process to 
increase the chances of successful inoculation. The saplings grown from un-rooted 
canes did not show a positive response either although growth was slow. It would 
have been interesting to see the effect if these willows had been more established (i. e. 
what would have happened the following year). It is likely that the majority of growth 
went into establishing the root system over the time tested. 
There was also reason to believe that the saplings used may have been inoculated with 
mycorrhizae as this is standard practice (the supplier was contacted and asked about 
this on two occasions with no response). A well established colony of mycorrhiza 
would almost certainly make it more difficult for T harzianum T22 to establish by 
providing competition for attachment sites and nutrition. Despite this, there is good 
reason to believe that T harzianum T22 did establish in at least some instances as a 
significant effect was seen (albeit negative) in the potted trees. 
During wks 48-52 poplar saplings treated with T. harzianum T22 grew 
significantly faster than the controls (19cm compared to 15 cm, P=0.028, Fig 7.3). 
This significance was not seen the following month (Sept '05 wks 52-56). All 
significant responses occurred at the height of the growth season (in the summer 
months) when temperatures were at their highest. It is important to note that 
both 
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positive and negative effects occurred over this time. This suggests that T. harzianum 
T22-response is strongly determined by temperature. Soil temperatures at Headley 
have been shown to vary from 2-25°C over an annual period (Forest Research data). It 
has been shown throughout this project how growth promotion is erratic at 
temperatures below 25°C. These temperatures would only be reached for a couple of 
months in the height of the summer (July - August). This is where the significant 
responses were seen. This indicates that T. harzianum T22 had survived and was 
influencing growth but responses were rarely positive. 
At Thamesmead only the survival rates of T. harzianum T22-treated plants were 
found to be significantly higher than those of the ectomycorrhizal treatments. 
However, it should be noted that T harzianum T22-treated saplings produced the best 
results overall when considering all the factors together. T harzianum T22 saplings 
produced the most stem and total dry biomass as well as producing the best survival 
and health figures. T. harzianum T22 also performed better than the more established 
ectomycorrhizal mixture and the combined treatment (which also occurred in the 
growth chamber; see chapter 5). The January data in particular suggested that T. 
harzianum T22 (and to a lesser extent, the combined treatment) aided survival of 
crack willow in metal-contaminated soil compared to control and ectomycorrhizal 
treatments. Given the differences observed between the potted trees at Headley and 
those at Thamesmead it is clear that other factors affect the performance of T 
harzianum T22 in the field apart from metal concentration. These could include soil 
and nutritional factors (known to affect mycorrhizal colonization, establishment and 
the associated plant growth response in trees (Haselwaadter and Bowen, 1996). The 
influence of such factors on T harzianum T22 in the field needs to be investigated to 
further understand the results of these trials. 
From these data and those produced in earlier chapters it is clear that T. 
harzianum T22 survives on plant roots in the British field climate but is only 
producing a small (and in the majority of cases, insignificant) response. 
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8. An evaluation of the application of T. harzianum T22 for land 
remediation 
This final discussion critically examines how the current research has changed the 
opportunities for the use of T harzianum T22 in land remediation. It aims to compare 
the merits of T harzianum T22 against its main competitors and its suitability for 
industrial-scale use in this field. Finally, the adopted methodology is discussed along 
with suggestions for required future research. 
In the first experimental chapter (2) the effects of inoculation methodology 
and temperature on the degree of growth promotion were examined. Inoculation 
methodology (seed dry dusting or root dipping) did not affect the degree of growth 
promotion seen. This is desirable as this suggests that the quickest and easiest method 
of delivering T. harziamcm T22 can be used (this may vary depending on the size and 
nature of the application). On this occasion the temperature had no significant effect 
on the T. harzianum T22-mediated growth promotion between 15 and 25°C. Although 
some aspects used to quantify plant growth promotion were not always significant 
between these temperatures, growth promotion undoubtedly occurred. The threshold 
for growth promotion was identified between 10 and 15°C (in agreement with the 
manufacturer of the T. harzianum T22 product used - Plantshield HCTm). While it 
was desirable to identify a temperature range where T. harzianum T22 will 
successfully produce growth promotion, the lack of consistent positive effects over 
this entire range represents a concern as potential customers will expect to see a 
visible effect on all occasions and expect a product to be reliable and robust by 
producing repeatable results in a range of environments. This study also demonstrated 
that different plant species do respond differently to T. harzianum T22 with peas and 
wheat showing a response at 25°C but sunflower requiring 30°C to produce significant 
effects. This may lead to the selection of a list of suitable plant species that respond 
most positively to inoculation with T harzianum T22 in the future. 
Chapter 3 examined the pollutant-degrading ability of T harzianum T22 and 
the catabolic enzymes it produces. From this study it was concluded: (1) that T. 
harzianum T22 is tolerant to, and can most likely degrade free cyanide, (2) that it is 
tolerant to PAHs and produces laccase albeit at significantly lower levels than the 
tested white rot fungi. This apparent ability to tolerate but not metabolize any of the 
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pollutants tested (except perhaps PAHs under very defined conditions) means that the 
potential role of T. harzianum T22 is likely to be supplementary, i. e. it should be used 
to produce larger plants with larger root systems which in turn, results in larger 
rhizosphere microbial populations that can then degrade soil pollutants. Due to the 
lower enzyme activities, T. harzianum T22 is not likely to compete directly with 
white rot fungi with regards to the degradation of PAHs and other organo-pollutants 
under controlled conditions. Despite the fact that most white rot fungi (WRF) are 
unrivalled in their ability to produce large quantities of extracellular enzymes that 
degrade a wide range of polycyclic pollutants that act as structural analogues to their 
natural substrates, white rot fungi have a number of problems that prevent them being 
used commercially in bioremediation. They cannot grow in soil without a constant 
source of carbon and nitrogen (Boyle, 1995) that has to be added to the soil in the 
form of bark, woodchips, straw etc. This is costly and time consuming. Also WRF are 
not tolerant to low moisture levels (cpeo. org, 2002) and are easily out-competed by 
the native soil microflora resulting in poor growth and survival in non-sterilized soils 
(Boyle, 1995). Because of these limitations there are very few (if any) successful 
commercial applications of WRF (cpeo. org, 2002) and hence, a combined strategy 
with T harzianum T22 and WRF is unlikely to be successful despite the fact that 
WRF have shown to improve seed germination and growth in contaminated soil 
(Isikhuemhen et at., 2003) as a result of a reduction in toxicity. 
Chapter 4 which examined the effects of T, harzianum T22 on plants grown in 
`creocote'-contaminated soil provided further evidence of T harzianum T22's ability 
of resist the toxicity of PAHs by surviving and growing in the presence of `creocote' 
both in soil and on agar plates. This resistance to `creosote' is likely to be as a result 
of preventing uptake rather than metabolism of PAHs. Possible mechanisms include 
the efflux of absorbed PAHs out of the cells via ABC transporters (Harman et al., 
2004a) or preventing the binding/absorption of the PAHs in the first place. 
There was initial evidence for an increased numbers of phenanthrene-degrading 
bacteria in the rhizosphere of roots inoculated with T. harzianum T22 in contaminated 
soil. This was backed up by further work at UniS (Greensmith, 2005) showing 
increased numbers of phenanthrene degraders in the rhizosphere soil of T. harzianum 
T22-inoculated plants in PAH-contaminated soil. Data obtained in my own study also 
suggested that T harzianun T22 may increase the uptake of `creocote' constituents 
into plant biomass which would only be desirable if the plant can tolerate this 
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increased uptake without showing phytotoxicity. This suggests that although T. 
harzianum T22 resists PAH toxicity it is not able to confer this protection to its plant 
host. Furthermore, the increased uptake of PAHs maybe an indirect effect of growth 
promotion caused by inoculation with T. harzianum T22. It is known to affect the 
production of metabolites in plants increasing the diversity of proteins produced by 
about 40% (Harman et al., 2004a). However, the majority of these proteins have been 
shown to be involved in upgraded metabolism and plant defence mechanisms 
(Harman and Shoresh, 2006). Despite this, it maybe that some of these proteins (both 
in quantity and chemical form) when present in the root exudates that cause increased 
solubilization (and bioavailability) of PAHs that are then absorbed with greater ease 
by the roots. This is rather than T. harzianum T22 itself causing the increased 
solubilization and mediating a direct uptake of PAHs into plant roots (which is less 
likely due to the small amount of mycelium produced on the roots, although 
biosurfactants (phospholipids and glycolipids) produced by other microorganisms (not 
specifically T. harzianum T22) have been shown to solubilize PAHs in soil (Mulligan, 
2005 and references therein). T. harzianum T22 is also known to penetrate the outer 
surfaces of roots (Harman et al., 2004a). This may contribute to enhanced root 
exudation combined with the systemic effects it causes. It is also possible that PAHs 
and other pollutants could be absorbed through the sites of T. harzianum T22 
penetration. Liste and Alexander (2000) (and references therein) provide evidence 
that plant exudates do indeed increase the solubility of PAHs in soil. It was also clear 
from the work of Greensmith (2005) that PAH-degrading bacterial populations were 
only enhanced with some plants (peas) and not others (fennel). The exudation profile 
of plants is known to vary considerably in terms of type and quantity of exudates 
produced between plant species (Cunningham et al., 1996 and references therein). 
Clearly, some plants (when inoculated with T. harzianum T22) produce profiles more 
suited to increasing PAH-degrading microbial populations than others as 
demonstrated by Greensmith (2005). 
With hindsight, it would have been valuable to examine degradation in 
conjunction with PAH-degrading bacterial numbers on different plant species with 
and without T. harzianum T22 inoculation. This was intended by Greensmith but 
problems in the extraction and measuring the remaining PAHs prevented the 
production of any usable data. This may have been done by comparing the HPLC 
profiles of pure `creosote' with that of a `creocote' extraction from soil using butanol 
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which will extract a good range of PAHs from creosote - (Breedveld and Karlsen, 
2000; Liste and Alexander, 2002). Where peaks occur in the same position on both 
profiles one has a number of species whose degradation can be monitored. These 
could be identified by comparing against known standard compounds. The data from 
this chapter backed up the suggestions from chapter 3, in that T harzianum T22 is 
best used to establish plant growth in contaminated conditions, promote the growth of 
the natural degradative microbial community and increase the volume of soil treated 
by stimulating enhanced root growth. 
Chapter 5 provided the first evidence that the growth-promoting effects of T 
harzianum T22 extend to trees and that, these effects occur in both natural and metal- 
contaminated conditions. This is of vital importance as trees have larger root systems, 
produce more biomass that can accumulate pollutants and are longer lived than annual 
plants making trees more effective at decreasing soil erosion and the spread of 
pollutants. 
Chapter 6 demonstrated how T. harzianum T22 produces exudates that 
dramatically increase the desorption of metals from organic matter. This is desirable 
for increasing the bioavailability of metals which, in turn will aid removal from soil. 
Just how influential this would prove to be under field conditions remains to be seen 
given the relatively low quantity of fungal biomass produced on plant roots. Although 
not proved, this ability could also extend to organic pollutants too (as suggested 
earlier as an indirect effect of plant growth promotion). As bioavailability of 
pollutants is often the major constraint in remediation this is a promising discovery 
and a potential advantage of using T22 in land remediation programmes. 
Chapter 7 examined the growth promoting effect of T22 under British field 
conditions in both natural and metal-contaminated soil. Only limited evidence for 
growth promotion was produced which was inconsistent throughout the studies. 
However, growth promotion appeared to coincide with the hottest weather (and soil) 
conditions. This does present a concern for the technology as the conditions at 
Headley should have been ideal for obtaining good results due to the sandy soil that 
(unlike clay) would heat up rapidly in hot weather conditions. Despite this, the soil 
was unlikely to have reached consistently high temperatures as it would have in the 
growth chamber suggesting that temperature was the most likely constraint to T. 
harzianum T22 reaching its potential. However, the age of the trees used (older roots 
may respond less well than young, more permeable roots) and the fact that they may 
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have been prior treated with another microorganism were also possible explanations 
for the lack of positive responses with T. harzianum T22-inoculated trees. 
It is thought that T harzianum T22 survived throughout the winter months as periods 
of significant growth promotion were observed in the second growth season at 
Headley, although, it is a possibility that the observed growth promotion was the 
result of a continued systemic effect caused by T22 which does not need the presence 
of the fungus (akin to a vaccination effect in mammals). Trichoderma spp. have been 
shown to induce systemic effects in plants whereby biocontrol is induced at a site 
where no Trichoderma was detected (i. e. on leaf surfaces when Trichoderma was only 
present on roots) (Harman and Shoresh, 2006; Harman et al., 2004a). It is not known 
how long the effects of T. harzianum T22 on plants last, nor do we know the precise 
mechanisms by which the fungus operates at the moment but a number of chemicals 
have been identified that are now known to be involved in the growth promoting 
effects of T harzianum T22 including a 22 kDa xylanase, plant anti-virulence 
homologues and oligosaccharides (Harman and Shoresh, 2006; Harman et at, 2004a). 
T. harzianum T22 was shown to significantly improve the survival rate of willow in 
metal-contaminated soil. Included in this study (and in chapter 5) were 
ectomycorrhiza. Mycorrhiza are more established and accepted promoters of plant 
growth, especially in trees. However, on these occasions, T harzianum T22 
performed better than ECM in both natural and metal-contaminated soil in laboratory 
microcosms and produced better survival of the planted trees and the T harzianum 
T22 inoculated trees were also healthier than the non-inoculated ones in the 
Thamesmead trial. 
Mycorrhizal fungi are well known to promote tree growth by improving phosphorus 
nutrition and by enhancing the absorption of other essential micronutrients by 
increasing the surface area of the root system (Haseiwandter and Bowen, 1996; 
Jeffries et al., 2003). They are also known to increase the tree's tolerance to drought 
by enhancing water uptake by the tree. However mycorrhiza do not always establish 
successfully because the degree of establishment can be affected by the soil 
phosphorous level and the amount of organic matter in soil (Haselwandter and 
Bowen, 1996). Many mycorrhiza are host species-specific and certain species only 
grow in certain climates (i. e. ECM generally grow on trees in cooler climates while 
AMF generally grow on tropical trees and most crop plants (Deacon, 2003)). Hence, 
establishment of a particular mycorrhiza in any given plant/soil combination cannot 
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be guaranteed. This maybe due to the high degree of genetic variability that occurs 
within species and strains (see: Jeffries et al. 2003). The effects of soil nutritional 
conditions on T. harzianum T22 establishment have not been studied in detail but they 
appear less important than for the mycorrhiza (perhaps as T harzianum T22 is a 
distinct, non-variable strain). T. harzianum T22 has been shown to establish on all 
plant species tested so far. Despite this, some appear to respond better than others to 
inoculation with T. harzianum T22. Variation in response between maize varieties in 
field trials in the US is much more widespread than in wheat (some maize lines 
showed a neutral or negative response while wheat almost always (49 times out of 52 
trials) showed a positive response regardless of geographical location or variety 
(Harman and Shoresh, 2006)). In soils that are high in phosphate, mycorrhizal 
infection rates can be expected to be poor and mycorrhizal effects on plant growth can 
be mimicked by artificial addition of phosphate (Haselwandter and Bowen, 1996). 
However, phosphate is almost always limiting in soils (especially in contaminated 
soils where land stabilization is required) so the value of mycorrhizal inoculation in 
helping plant establishment and growth should not be underestimated. Because of the 
nature of mycorrhizal growth promotion, plants that produce denser, highly developed 
roots systems with many root hairs respond less well to mycorrhizal infection than 
plants that produce root systems with low root densities and poorly developed root 
hairs (Haselwandter and Bowen, 1996). Trees tend to fall into the second category 
explaining why they generally respond well to mycorrhizal infection. 
Mycorrhiza have been shown to both increase and decrease heavy metal uptake into 
plant tissues. Again, soil phosphate and nitrogen levels appear to influence which 
process occurs (Fomina et al., 2005). The evidence presented in this thesis suggests 
that T. harzianum T22 increases metal uptake (both essential and heavy) and organic 
creosote constituents. Whether nutritional and soil factors affect these processes as 
they do with mycorrhiza remains to be seen. A great advantage in using T harzianum 
T22 commercially is that it is easily cultured in the laboratory and a commercial 
production line is already in place. Some mycorrhiza (notably A1VIF) cannot be 
cultured on artificial growth media meaning that production of sufficient quantities 
for plant inoculation is more difficult and expensive than for fungi such as T. 
harzianum T22 which grow prolifically as a saprophyte. ECM can be cultured 
artificially and can be grown in fermenters and then immobilised on granules 
producing products similar to Plantshield HCTm which contains T. harziamim T22. 
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Such a product (supplied by Symbio) was used in chapters 5 and 7. These products 
can be applied easily and cheaply at the nursery or field stages. A potential advantage 
of mycorrhiza over T. harzianum T22 is that mycorrhizal infection can spread to other 
plant/ tree roots in the soil. T. harzianum T22 mycelia are not thought to spread more 
than a couple of inches from the root (G. Harman personal communication) although 
it could potentially spread via the production of conidiospores. Hence, in theory, only 
a proportion of plants/trees need to be artificially infected with mycorrhiza and if the 
conditions are correct this will spread to the rest of the plant population and remain in 
the soil if these plants are removed and replaced (Haselwandter and Bowen, 1996; 
Jeffries et al., 2003). Numerous other factors such as soil pH, soil structure and the 
soil microflora appear to affect the degree of mycorrhizal infection, growth and 
response on plant growth (Haseiwandter and Bowen, 1996 and references therein). 
From the field work done on T harzianum T22 in the US (see Harman, 2000) T 
harzianum T22 appears to respond more universally regardless of soil conditions and 
plant factors if the temperature is high enough. Combining T. harzianum T22 and 
ECM/AMF could be valuable if the fungi can be shown to be grown successfully 
together. There are reports that state both positive and negative effects of combining 
Trichoderma and mycorrhiza (see chapter 5 discussion for examples) so it appears 
that individual combinations would need to be tested. This could be done easily with 
ECM as they are culturable in the laboratory. It could prove more difficult with AMF. 
The benefits of combining T. harzianum T22's control of deleterious microflora and 
the mycorrhiza's apparent ability to function at lower temperatures if the fungi prove 
compatible are obvious. However, one can only speculate whether the functions will 
be complementary. In the combined studies conducted in this thesis the combined 
treatment tended to show results more closely related to those of the ECM than T 
harzianum T22. This was the case in both uncontaminated soil in the growth chamber 
and in metal-contaminated soil in the field (Chapters 5 and 7). However, where results 
of the combined treatment did differ from those of the ECM alone the results were 
positive; i. e. the effect of the combined treatment was not as good as T. harzianum 
T22 alone but better than the ECM alone (see Fig 5.2 and Table 7.1). When both T 
harzianum T22 and the ECM were co-inoculated onto opposite sides of a single agar 
plate there were no zones of inhibition observed when the two mycelia met (data not 
shown). This simple test suggested that one of the fungi was not strongly inhibitory to 
the other. 
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Both T. harzianum T22 and mycorrhiza would be expected to perform better in poor 
soils where the improved plant nutrition induced by both organisms would be more 
beneficial than in rich soils. However, recent evidence suggests that the systemic 
effects of Trichoderma which cause an increase in metabolic and photosynthetic rates 
of plants by upgrading the associated enzymes will occur even in soils where nutrients 
are abundantly available (Harman and Shoresh, 2006). 
The data presented in this thesis suggests have T. harzianum T22 does have 
potential in the land stabilization area but it is best suited to establishing plants and 
trees in areas where contamination levels are not phytotoxic to trees. However, 
relatively few areas are so toxic that plants will not grow on them after addition of soil 
conditioners. T. harzianum T22 would be suited to stabilize the land (by promoting 
the growth of larger tree root systems that hold together greater volumes of soil) and 
improve the appearance of places of little commercial value or where there is no 
immediate need or intention to alter the land use. This could include protected areas 
where development is forbidden but where contamination has occurred or places 
where vegetation is required but hard to establish i. e. hot, and areas, sides of 
motorways, areas surrounding working industries etc... T. harzianum T22 could also 
be useful in urban greening projects even where contamination doesn't exist by 
establishing larger trees in a given time period. However, more positive field data will 
be required before T. harzianum T22 is likely to be considered for such applications. 
The Thamesmead field trial is on-going and may produce such data The very nature 
of the application (phytoremediation) means that T harzianum T22 is unlikely to be 
suitable for the clean-up of highly contaminated areas or areas where a fast solution is 
required. However, due to its low cost, safety and commercial availability, T. 
harzianum T22 is certainly worth consideration as an additional treatment in any 
phytoremediation strategy especially when the removal of metal contamination is the 
target. It should also be considered for aiding re-establishment of vegetation after 
remediation has been completed. 
Numerous companies (including Bioscience Inc., Bioremediate. com and 
Symbio) now market microbial mixtures in powdered or liquid form for the 
remediation of multiple pollutant classes in soil and water (see: 
www. bioremediate. com, www. bioscienceinc. com, www. symbio. co. uk). These 
mixtures often contain many different microbes in dormant form on inert carrier 
materials together with the required nutrients, surfactants and oxygenating agents 
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(see: www. bioremediate. com, www. bioscienceinc. com, www. symbio. co. uk). 
Mixtures are often now made to order to suit the particular contamination (see: 
www. bioremediate. com, www. bioscienceinc. com, www. symbio. co. uk). Clearly T. 
harzianum T22 could never compete solely with these products but it could be a 
valuable addition to such mixtures. The presence of T. harzianum T22 in such 
mixtures could decrease the amount of additional nutrient and oxygenating products 
required on account of its effect on plant growth (larger root systems which explore a 
larger volume of soil, improve soil structure and oxygen permeability by breaking up 
compacted soil aggregates improving diffusion (Cunningham et at., 1996)). Plant 
metabolite production is known to be altered by T. harzianum T22 (Harman et al., 
2004a). This increase in plant protein diversity (discussed earlier) will give rise to a 
greater diversity of exudates (which are often used by microbes in the co-metabolism 
of pollutants as they act as structural analogues of the pollutants and hence, stimulate 
production of enzymes capable of metabolizing the pollutants). This increase in 
exudate diversity may also produce a greater microbial species diversity in the 
rhizosphere, therefore further increasing the chances of pollutant degradation. T. 
harzianum T22's metal-solubilizing abilities (Altomare et al., 1999) either directly or 
indirectly (as a result of plant growth promotion) could also increase the 
bioavailability of pollutants in soil which would make them more available to 
degradation by microbes. The effect of T. harziamem T22 on metal uptake could be a 
further benefit in the application of this fungus if it is intended to remove the metals 
(most microbial bioremediation products don't target metals). No evidence was seen 
in the current work that increased metal uptake resulted in any phytotoxicity. Most 
remediation companies tend to opt for immobilization (capping, encapsulation) where 
metals are involved (Resource and Environmental Consultants LTD - personal 
communication). The solubilization effects of T. harzianum T22 are highly unlikely to 
cause sufficient mobilization to have any adverse effect on these processes and the 
transport of metals from the site of contamination as the spread of the fungus will be 
primarily controlled by root spread which is unlikely to reach groundwater or any 
significant distance from the site edge. 
T. harzianum T22 may also show considerable potential for use in multistage 
remediation procedures. Huang et al. (2004) demonstrated how a PAH-contaminated 
soil could be effectively remediated using a combination of processes (landfarming, 
bioaugmentation and phytoremediation with and without plant growth-promoting 
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rhizobacteria - PGPR) each of which removed a different group of pollutants. The 
combination of the processes was shown to be at least 45% more effective than any of 
the processes alone and importantly, the combined process removed a significant 
proportion of the largest, most hydrophobic PAHs within 120 days (probably due to 
the solubilizing effects that occur as a result of growth promotion). This multistage 
process overcame the problems of the individual processes and showed that 
phytoremediation with PGPR together with other processes can be achieved within a 
practical timescale. T. harzianum T22 is certainly a strong candidate for use as the 
plant growth-promoting microorganism in an application such as this. 
Further Research 
The performance of T harzianum T22 should be compared with AMF as these fungi 
are perhaps better studied as promoters of plant growth as they occur on a wider range 
of plant species than ECM. Most trees in cooler climates have ECM but some (i. e. 
willows) can support both. Tropical trees and most crop plants tend to harbour AMF. 
T harzianum T22 would need to be comparable with both ECM and AMF to be fully 
accepted in such an application. The potential benefit of combining other classes of 
beneficial microbes i. e. phosphate solubilizing bacteria with T. harzianum T22 also 
merits attention as does combining T harzianum T22 and AMF. Rudresh et a1. (2005) 
showed combined positive effects on all aspects of chickpea growth when 
Trichoderma, a phosphate-solubilizing Bacillus and Rhizobium spp. were co- 
inoculated. Further examples of beneficial combinations are given in Harman and 
Shoresh (2006). These experiments should include an additional control whereby 
roots are inoculated with autoclaved product to determine any effects that result from 
the presence of the carrier material(s). 
Due to the likelihood that T. harzianum T22 increases the absorption of soil 
contaminants (both metals and constituents of creosote) into plant tissues it would be 
valuable to test the affects of T. harzianum T22 on hyper-accumulator plant species. 
Should a suitable species be found (or engineered) that responds well to T. harzianum 
T22 and can tolerate the increased uptake of contaminants then the rate of 
phytoremediation could be significantly increased which would be a major advantage 
as the speed of treatment is the main constraint when considering the implementation 
of this technology. 
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Results from this study suggest that the role of T harzianum T22 as a promoter of 
land stabilization and phytoremediation is via its growth-promoting affects. 
Therefore, if these effects are to be maximized the following need to be addressed: (1) 
Is there a specific point in the growth of trees or plants that respond better to T 
harzianum T22 inoculation than others (i. e. should T. harzianum T22 be added at a 
specific point in the growth cycle when the roots are most susceptible to inoculation 
for maximum effect)? (2) The effects of temperature (above and below 25°C), 
nutritional (effects of macro- and micro-nutrient richness), chemical (pH and water 
availability) and physical conditions (soil structure) on the degree of growth 
promotion need to be addressed in more detail in the field in Britain as do (3) the 
effects of T. harzianum T22 on plant growth promotion in field conditions where 
organic pollution is present. Of particular importance for the application of T 
harzianum T22 on trees is (4) how long does T harzianum T22 survive on tree roots 
and how long do the effects persist once T. harzianum T22 is gone. (5) It is also 
important to know how this effect (if any) varies between tree species as well as 
within species (as it has been shown in this thesis that some plants respond better than 
others, i. e. peas and wheat compared to sunflower - chapter 2). 
A method of tracking the spread and survival of T. harzianum T22 on plant roots 
would help greatly in answering these questions. The design of a molecular probe 
from a unique section of the T. harzianum T22 genome could allow this to be 
achieved using modern DNA soil extraction, PCR and hybridization techniques. Lo et 
al. (1998) incorporated a beta-glucuronidase (GUS) reporter gene incurring 
kanamycin resistance and a hydromycin B (hygB) phosphotransferase gene into the 
genome of T. harzianum T22 using ballistic transformation. This allowed the mycelial 
growth on the roots and leaves of creeping bentgrass and in the rhizosphere soil to be 
monitored as well as the biocontrol effects on Rhizoctonia solani. This technique 
(along with microscopic observation) confirmed previous research showing that T. 
harzianum T22 causes damage to the hyphae of R. solani and that T harzianum T22 
persisted for the duration of the experiment. This technique also allowed T harziamim 
T22 to be recovered from the rhizosphere soil. Recent work (Harman and Shoresh, 
2006) showed how green fluorescent protein (gfp) and electron microscopy can be 
used to study plant-microbe interactions at the root interface. This could be extended 
to track mycelial growth and survival. These approaches could potentially be used to 
monitor T harzianum T22 growth and survival on tree roots and answer the questions 
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outlined above. Other recent genetic transformations and proteomic studies have 
significantly increased the understanding of the T. harzianum T22-plant relationship 
(reviewed in Harman and Shoresh, 2006). These could be used in the research on trees 
to compare the effects seen on trees with those on crop plants. 
Further study will also be required to elucidate the effects of tree roots on microbial 
diversity and numbers compared to other plants and how this varies between and 
within tree species. It is important that tree rhizospheres stimulate microbial numbers 
in the same ways that have been shown with numerous plant species so that the 
associated benefits of rhizoremediation (larger and greater diversity of 
microorganisms meaning that there is a greater metabolic capacity and a greater 
potential for degrading pollutants) can be extended to trees. Microbial numbers have 
shown to be enhanced in the rhizosphere of Scots pine compared to numbers in 
surrounding bulk soil (Hernesmaa et al., 2005). This would be expected on young, 
actively growing roots but will it extend to more mature, woody roots? 
Microbial diversity in tree rhizospheres could be examined by testing rhizosphere soil 
for microbial numbers and diversity by 1) traditional culture methods (cfu counts on a 
range of media, enzyme assays, carbon and nitrogen utilization tests) and 2) molecular 
techniques (PCR-DGGE polymerase chain reaction / denaturing gradient gel 
electrophoresis to detect the range of species and RT (real-time) -PCR-DGGE to 
detect the active population). Exudation studies on roots of varying age and species 
will also help answer some of the questions raised above. 
T. harzianum T22 (either alone or together with mycorrhiza) could also be extremely 
valuable in the stabilization and revegetation of poor soils (particularly in tropical 
soils where deforestation has occurred) and as a means to halt desertification (where 
AIVIF have been shown to increase soil aggregation (Jeffries et al., 2003)). Because of 
the improved nutrition associated with these fungi, T harzianum T22 and mycorrhiza 
should be at their most effective in nutrient-poor soils. Despite the differences 
between these fungi (AMF being obligate symbionts and Trichoderma being 
opportunistic symbionts as they can also live freely in soil) there are many similarities 
in the ways they interact with plants and both classes of fungi have independently 
been suggested to have potential in the same areas in the future (see: Harman and 
Shoresh, 2006; Jeffries et al., 2003). Research into this area could provide a new 
potential market for T. harzianum T22. 
184 
Bibliography 
Abadulla E, Robra KH, Gubitz GM, Silva LM, Cavaco-Paulo A (2000) Enzymatic decolorization of textile 
dyeing effluents. Textile Res J 70: 409-414. 
Admassu W, Korus RA (1996) Engineering of bioremediation processes: needs and limitations. In: Crawford 
RL, Crawford DL (eds) Bioremediation Principles and Applications (Biotechnology Research Series) 
Cambridge University Press 1996 pp. 13-24. 
Aiking H, Stijnman A, van Garderen C, van Heerikhuizen H, van't Riet J (1984) Inorganic phosphate 
accumulation and cadmium detoxification in Klebsiella aerogenes NCTC 418 growing in continuous culture. 
Appi Environ Microbiol 47: 3 74-3 77. 
Allard AS, Halmberg M, Neilson AH, Remberger M (2005) Accumulation of polycyclic aromatic 
hydrocarbons from creosote-contaminated soil in selected plants and the oligochoete worm Enchytraeus 
crypticus. J Environ Sci Health Part A: Environ Sci Eng 40: 2057-2072. 
Altomare C, Norvell WA, Bjorkman T, Harman GE (1999) Solubilization of phosphates and micronutrients 
by the plant-growth-promoting and biocontrol fungus Trichoderma harzianum Rifai 1295-22. Appi Environ 
Microbiol 65: 2926-2933. 
Aronstein BN, Alexander M (1992) Surfactants at low concentrations stimulate biodegradation of sorbed 
hydrocarbons in samples of aquifer sands and soil slurries. Environ Toxicol Chem 11: 1227-1233. 
Aronstein BN, Calvillo YM, Alexander M (1991) Effect of surfactants at low concentrations on the desorption 
and biodegradation of sorbed aromatic compounds in soil. Environ Sci Technol 25: 1728-1731. 
Agency for Toxic Substances and Disease Registry (ATSDR) (2002) Toxicological profile for creosote. 
Atlanta, GA: U. S. Department of Health and Human Services, Public Health Service. Available at: 
http: //ww\w. atsdr. edc. og v/toxprofiles/tp85. html 
Balba MT, Ying AC, McNeice TG (1991) Bioremediation of contaminated land: bench scale to field 
applications. In: Hinchee RE, Olfenbuttel RF (eds) Bioreclamation. Butterworth-Heinemann Publishers 
Stoneham, MA pp. 464-476. 
Ball J (2005). The effects of heavy metals on the degradation of polyaromatic hydrocarbons by soil 
microorganisms. PhD. thesis, University of Surrey. 
Barclay M, Hart A, Knowles CJ, Meeussen JCL, Tett VA (1998) Biodegradation of metal cyanides by mixed 
and pure cultures of fungi. Enz Microb Technol 22: 223-231. 
Barker WW, Welch SA, Chu S, Banfield JF (1998) Experimental observations of the effects of bacteria on 
aluminosilicate weathering. Am Mineral 83: 1551-1563. 
Barr DP, Aust SD (1994) Mechanisms white rot fungi use to degrade pollutants. Environ Sci Technol 28: 79- 
87. 
Bayman P, Radkar GV (1997) Transformation and tolerance of TNT (2,4,6-trinitrotoluene) by fungi. Int 
Biodeterior Biodegrad 39: 45-53. 
BBSRC, NERC and EPSRC bioremediation review. A joint research council review of bioremediation 
research in the United Kingdom (1999). Available at: htty: //www. bbsrc. ac. uk 
BBSRC Report: Available at: http: //www bbsrc ac uk/life/cleanup/whatis. hbnl 
Bioremediate. com: www. bioremediate. com 
Bioscience Inc.: www. bioscienceinc. com 
Bjorkman T, Blanchard LM, Hannan GE (1998) Growth enhancement of shrunken-2 (sh2) sweet corn by 
Trichoderma harzianum 1295-22: Effect of environmental stress. J Am Soc Hortic Sci 123: 
3 5-40. 
Bollag JM (1992) Decontaminating soil with enzymes. Environ Sci Technol 16: 429-433. 
185 
Boopathy R, Kulpa CF (1994) Biotransformation of 2,4,6-trinitrotoluene (TNT) by a Methanococcus 
spp. (strain B) isolated from a lake sediment. Can J Microbiol 40: 273-278. 
Boyd EM, Meharg AA, Wright J, Killham K (1997) Assessment of toxicological interactions of benzene 
and its primary degradation products (catechol and phenol) using a lux-modified bacterial assay. 
Environ Toxicol Chem 16: 849-856. 
Boyle CD (1995) Development of a practical method for inducing white-rot fungi to grow into and 
degrade organopollutants in soil. Can J Microbiol 41: 345-353. 
Breedveld GD Karlsen DA (2000) Estimating the availability of polycyclic aromatic hydrocarbons for 
bioremediation of creosote contaminated soils. Appi Microbiol Biotechnol 54: 255-261. 
Brierley CL (1990) Bioremediation of metal-contaminated surface and groundwaters. Geomicrobiol J 8: 
201-223. 
Brimner TA, Boland GJ (2003) A review of the non-target effects of fungi used to biologically control 
plant diseases. Agric Ecosyst Environ 100: 3-16. 
Brockman FJ (1995) Nucleic-acid-based methods for monitoring the performance of in-situ 
bioremediation. Mol Ecol 4: 567-578. 
Brusseau ML, Rao PSC (1991) Influence of sorbate structure on non-equilibrium sorption of organic 
compounds. Environ Sci Technol 25: 1501-1506. 
Bumpus JA, Tatarko M (1994) Biodegradation of 2,4,6-trinitrotoluene by Phanerochaete 
chrysosporium: identification of initial degradation products and the discovery of a TNT metabolite that 
inhibits lignin peroxidase. Curr Microbiol 28: 185-190. 
Burd G, Ward OP (1996) Bacterial degradation of polycyclic aromatic hydrocarbons on agar plates. The 
role of biosurfactants. Biotechnol Tech 10: 371-374. 
Byrne SV (1991) Mechanisms of interaction between analine, soil, soil solution and soil microbes. PhD. 
Dissertation, Chemical and Biological Engineering, Rutgens, The state University of New Jersey, New 
Brunswick. 
Campanella BF, Bock C, Schroder P (2002) Phytoremediation to increase the degradation of PCB's and 
PCDD/F's - potential and limitations. Environ Sci Pollut Res 9: 73-85. 
Cerniglia CE, White GL, Helflich RH (1985) Fungal metabolism and detoxification of polycyclic 
aromatic hydrocarbons. Arch Microbiol 143: 105-110. 
Chambers SM, Burke RM, Brooks PR, Cairney JWG (1999) Molecular and biochemical evidence for 
manganese-dependent peroxidase activity in Tylospora fibrillosa. Mycol Res 103: 1098-1102. 
Chao WL, Nelson EB, Harman GE, Hoch HC (1986) Colonization of the rhizosphere by biological 
control agents applied to seeds. Phytopathol 76: 60-65. 
Chroma L, Mackova M, Kucerova P (2002) Enzymes in plant metabolism of PCBs and PAHs. Acta 
Biotechnol 22: 35-41. 
Collins PJ, Kotterman MJJ, Field JA, Dobson ADW (1996) Oxidation of anthracene and benzo[a]pyrene 
by laccases from Trametes versicolor. App! Environ Microbiol 62: 4563-3567. 
Corgie SC, Joner EJ, Leyval C (2003) Rhizosphere degradation of phenanthrene is a function of 
proximity to roots. Plant Soil 257: 143-150. 
Costacurta A, van der Leyden J (1995) Synthesis of phytohormones by plant-associated 
bacteria. Crit 
Rev Microbiol 21: 1-18. 
Cpeo. org (2002) White Rot Fungus. Available at: http: //ww cpeo org/techtree/ttdescriptIWhitfung. 
htin 
186 
Crawford RL, Crawford DL (eds) (1996) Bioremediation Principles and Applications (Biotechnolog)- 
Research Series) Cambridge University Press 1996. 
Crowe JD, Olsson S (2001) Induction of laccase activity in Rhizoctonia solani by antagonistic 
Pseudomonas fluorescens strains and a range of chemical treatments. Appl Environ Microbio167: 2088- 
2094. 
Cunningham SD, Anderson TA, Schwab AP, Hsu FC (1996) Phytoremediation of soils contaminated 
with organic pollutants. Adv Agron 56: 55-114. 
Dablow J, Hicks R, Cacciatore D (1995) Steam injection and enhanced bioremediation of heavy fuel oil 
contamination In: Kittel JA, Reisinger, HJ (eds) Applied Bioremediation of Petroleum Hydrocarbons, 
Hinchee, RE, Battelle Press, Columbus pp. 115-121. 
Deacon J (2003) The Microbial World: Mycorrhizas. Available at: 
http: //helios. bto. ed. ac. uk/bto/microbes/mycorrh. htm 
Dimitriou I, Aronsson P (2005) Willows for energy and phytoremediation in Sweden. Unasylva 221: 
47-50. 
Doty SL, Shang TQ, Wilson AM, Moore AL, Newman LA, Strand SE, Gordon MP (2003) Metabolism 
of the soil and groundwater contaminants, ethylene dibromide and trichloroethylene, by the tropical 
leguminous tree, Leuceana leucocephala. Water Res 37: 441-449. 
Dubsky M, Sramek F, Vosatka M (2002) Inoculation of cyclamen (Cyclamen persicum) and poinsettia 
(Euphorbia pulcherrima) with arbuscular mycorrhizal fungi and Trichoderma harzianum. ROST 
VYROBA 48: 63-68. 
Duque E, Haidour A, Godoy F, Ramos JL (1993) Construction of a Pseudomonas hybrid strain that 
mineralizes 2,4,6, trinitrotoluene. J Bacteriol 175: 2278-2283. 
Efroymson RA, Alexander M (1991) Biodegradation by an Arthrobacter species of hydrocarbons 
partitioned into an organic solvent. Appl Environ Microbiol 57: 1441-1447. 
Elmerich C, Kondorosi A, Newton WE (eds) (1998) Biological Nitrogen Fixation for the 21st Century. 
Kluwer Academic Publishers, Dordrecht, Netherlands p 708. 
Emery J (1980) Iron deprivation as a biological defence mechanism. Nature 287: p. 537. 
Ermisch 0, Rehm HJ (1989) Breakdown of polycyclic aromatic hydrocarbons in soil by the immobilized 
fungus Trichoderma harzianum. Dechema Biotechnology conferences 3- VCH Verlagsgesellschaft. 
Escalante-Espinosa E, Gallegos-Martinez ME, Favela-Torres E, Gutierrez-Rojas M (2005) Improvement 
of the hydrocarbon phytoremediation rate by Carperus laxus Lam. Inoculated with a microbial 
consortium in a model system. Chemosphere 59: 405-413. 
Esnaola MV, Bermond A, Milan E (2000) Optimization of DTPA and calcium chloride extractants for 
assessing extractable metal fraction in polluted soils. Commun Soil Sci Plant Anal 31: 13-29. 
Esteve-Nunez A, Caballero A, Ramos JL (2001) Biological degradation of 2,4,6 trinitrotoluene. 
Microbiol Mol Biol Rev 65: 335-352. 
Ezzi MI, Lynch JM (2002) Cyanide catabolizing enzymes in Trichoderma spp. Enz Microb Technol 31: 
1042-1047. 
Ezzi MI, Pascual JA, Gould BJ, Lynch JM (2003) Characterization of the rhodanese enzyme in 
Trichoderma spp. Enz Microb Technol 32: 629-634. 
Ezzi N11, Lynch JM (2005a) Biodegradation of cyanide by Trichoderma spp. and Fusarium spp. Enz 
Microb Technol 36: 849-854. 
Ezzi NL, Lynch JM (2005b) Plant microcosm studies demonstrating bioremediation of cyanide toxicity 
by Trichoderma and Fusarium spp. Biol Fertil Soils 42: 40-44. 
187 
Field J (2004) White Rot Fungi. Available at: hqp: //wý-v. ftns wau pPimb/researcb/«-rf. htn l 
Filion M, St-Arnaud M, Fortin JA (1999) Direct interaction between the arbuscular mycorrhizal fungus Glomus intraradices and different rhizosphere microorganisms. New Phytol 141: 525-533. 
Fomina K Alexander IJ, Hillier S, Gadd GM (2004a) Zinc Phosphate and Pyromorphite Solubilization by Soil Plant-Symbiotic Fungi. Geomicrobiol J 21: 351-366. 
Fomina M, Hillier S, Charnock JM, Melville K, Alexander U, Gadd GM (2004b) Role of Oxalic Acid Overexcretion in Transformations of Toxic Metal Minerals by Beauveria caledonica. Appi Environ Microbiol 71: 371-381. 
Fomina M, Alexander U, Hillier S, Gadd GM (2005) Transformations of toxic metal minerals in the 
mycorrhizosphere. Presented at: Environmental Microbiology group session; Microbe-pollutant interactions: ecology, function and application. 156th SGM meeting Heriot-Watt University, Edinburgh 
Abstract available at: hLtp: //www. socgenmicrobiol. org. uk 
Funk SB, Crawford DL, Crawford RL (1996) Bioremediation of nitroaromatic compounds. In: Crawford 
RL, Crawford DL (eds) Bioremediation Principles and Applications (Biotechnology Research Series) 
Cambridge University Press 1996 pp. 195-208. 
Gao JP, Garrison AW, Hoehamer C, Mazur CS, Wolfe NL (2000) Uptake and phytotransfonnation of 
o, p ' -DDT and p, p ` _DDT 
by axenically cultivated aquatic plants. J Agricult Food Chem 48: 6121- 
6127. 
Gharieb MM, Wilkinson SC, Gadd GM (1995) Reduction of selenium oxyanions by unicellular, 
polymorphic and filamentous fungi: cellular location of reduced selenium and implications for tolerance. 
J Indust Microbiol 14: 300-311. 
Godeas A, Fracchia S, Mujica MT, Ocampo JA (1999) Influence of soil impoverishment on the 
interaction between Glomus mosseae and saprobe fungi. Mycorrhiza 9: 185-189. 
Goel A, Kumar G, Payne GF, Dube SK (1997) Plant cell biodegradation of a xenobiotic nitrate ester, 
nitroglycerin. Nature Biotechnol 15: 174-177. 
Gonzalez-Chavez C, D'Haen J, Vangronsveld J, Dodd JC (2002a) Copper sorption and accumulation by 
the extraradical mycelium of different Glomus spp. (arbuscular mycorrhizal fungi) isolated from the 
same polluted soil. Plant Soil 240: 278-297. 
Gonzalez-Chavez C, Harris PJ, Dodd J, Meharg AA (2002b) Arbuscular mycorrhizal fungi confer 
enhanced arsenate resistance on Holcus lanatus. New Phytol 155: 163-171. 
Graber ER, Borisover D (1998) Hydration-facilitated sorption of specifically interacting organic 
compounds by model soil organic matter. Environ Sci Technol 32: 258-263. 
Green H, Larsen J, Olsson PA, Jensen DF, Jakobsen I (1999) Suppression of the biocontrol agent 
Trichoderma harzianum by mycelium of the arbuscular mycorrhizal fungus Glomus intraradices in root- 
free soil. Appi Environ Microbiol 65: 1428-1434. 
Greensmith J (2005). The effects of plants and a fungal inoculum on the degradation of phenanthrene 
and pyrene in soil. Undergraduate final year dissertation, University of Surrey, p. 73. 
Harman GE (1996) Trichoderma for the control of plant pathogens. Available at: 
http: //www. n), saes. comell. edu/ent/beconf/talks/harman. htfril 
Harman GE (2000) Myths and Dogmas of Biocontrol. Changes in perceptions derived from research on 
Trichoderma harzianum T22. Plant Dis 84: 377-393. 
Harman GE, Shoresh M (2006) The mechanisms and applications of opportunistic plant symbionts. 
In: Vurro M, Gressel J (eds. ), Novel Biotechnologies for Biocontrol Agent Enhancement and 
Management. Springer, Amsterdam. In Press. 
188 
Harman, GE, Howell CR, Viterbo A, Chet I, Lorito M (2004a) Trichoderma spp. - Opportunistic avirulent plant symbionts. Nature Rev Microbiol2: 43-56. 
Harman GE, Petzoldt R, Comis A, Chen J (2004b) Interactions between Trichoderma harzianum strain 
T22 and maize inbred line Mo17 and effects of these interactions on diseases caused by Pythium 
ultimum and Colletotrichum graminicola. Phytopathol 94: 147-153. 
Harman GE, Lorito M, Lynch JM (2004c) Uses of Trichoderrna spp. To alleviate or remediate soil and 
water pollution. Adv Appl Microbiol 56: 313-330. 
Harvey PJ, Campanella BF, Castro PML, Harms H, Lichtfouse E, Schaffner AR, Smrcek S, Werck- 
Reicharts D (2002) Phytoremediation of polyaromatic hydrocarbons, anilines, and phenols. Environ Sci 
Pollut Res 9: 29-47. 
Haselwandter K, Bowen GD (1996) Mycorrhizal relations in trees for agroforestry and land 
rehabilitation. Forest Ecol Manag 81: 1-17. 
Hernesmaa A, Bjorklof K, Kiikkila 0, Fritze H, Haahtela K, Romantschuk M (2005). Structure and 
function of microbial communities in the rhizosphere of Scots pine after tree-felling. 
Soil Biol Biochem 37: 777-785. 
Hoagland DR, Arnon DI (1941) The water culture method for growing plants without soil. 
Miscellaneous Publications No. 3514, Californian Agricultural Experiment Station, California 
Hoagland RE, Zablotowicz RM, Locke MA (1994) Propanil metabolism by rhizosphere microflora. 
Bioremediation through Rhizosphere Technology ACS Symposium Series 563: 160-183. 
Huang XD, El-Alawi Y, Penrose DM, Glick BR, Greenberg BM (2004) A multi-process 
phytoremediation system for removal of polycyclic aromatic hydrocarbons from contaminated soils. 
Environ Pollut 130: 465-476. 
Hughes MN, Poole RK (1989) Metals and Microorganisms. New York: Chapman and Hall. 
Isikhuemhen OS, Anoliefo GO, Oghale 01(2003) Bioremediation of crude oil polluted soil by the white 
rot fungus, Pleurotus tuberregium (Fr. ) Sing. Environ Sci Pollut Res 10: 108-112. 
James EK (2000) Nitrogen fixation in endophytic and associative symbiosis. Field Crop Res 65: 197- 
209. 
Jeffries P, Gianinazzi S, Perotto S, Turnau K, Barea J-M (2003) The contribution of arbuscular 
mycorrhizal fungi in sustainable maintenance of plant health and soil fertility. Biol Fertil Soils 37: 1-16. 
Jimenez 1Y, Bartha R (1996) Solvent-augmented mineralization of pyrene by a Mycobacterium spp. 
Appl Environ Microbiol 62: 2311-2316. 
Johnson DL, Anderson DR, McGrath SP (2005) Soil microbial response during the phytoremediation of 
a PAH contaminated soil. Soil Biol Biochem 37: 2334-2336. 
Joner EJ, Johansen A, Loibner AP, Dela Cruz MA, Szolar OHJ, Portal JM, Leyval C (2001) 
Rhizosphere effects on microbial community structure and dissipation and toxicity of polycyclic 
aromatic hydrocarbons (PAHs) in spiked soil. Environ Sci Technol 35: 2773-2777. 
Jones AM, Greer CW, Ampleman G, Thiboutot S, Lavigne J, Hawari J (1995) Biodegradability of 
selected highly energetic pollutants under aerobic conditions. In: Hinchee E, Hoeppel RE, Anderson DB 
(eds) Bioremediation of recalcitrant organics. Battelle Press, Columbus, Ohio pp. 251-257. 
Jones JP, O'Hare EJ, Wong LL (2001) Oxidation of polychlorinated benzenes by genetically engineered 
CYP 101 (cytochrome P450 (cam)). Eur J Biochem 268: 1460-1467. 
Kalnicky DJ, Singhvi R (2001) Field portable XRF analysis of environmental samples. J Hazard Mater 
83: 93-122. 
189 
Kamnev AA, van der Lelie D (2000) Chemical and biological parameters as tools to evaluate and improve heavy metal phytoremediation. Biosci Rep 20: 239-258. 
Kapich AN, Prior BA, Botha A, Gallzin S, Lundell T, Hatakka A (2004) Effect of lignocellulose- 
containing substrates on production of ligninolytic peroxidases in submerged cultures of Phanerochaete 
chrysosporium ME-446. Enz Microb Technol 34: 187-195. 
Karenlampi S, Schat H, Vangronsveld J, Verkleij JAC, van der Lelie D, Mergeay M, Tervahauta Al 
(2000). Genetic engineering in the improvement of plants for phytoremediation of metal polluted soils. 
Environ Pollut 107: 225-231. 
Karlson U, Dowling DN (2005) Degradation of organic pollutants by plant-colonising bacteria. 
Presented at: Environmental Microbiology group session; Microbe-pollutant interactions: ecology, 
function and application. 156th SGM meeting Heriot-Watt University, Edinburgh. Abstract available at: 
htlp: //www. socgenmicrobiol. org. uk 
Kasai K, Mori N, Nakamura C (1998) Changes in the respiratory pathways during germination and early 
seedling growth of common wheat under normal and NaC1-stressed conditions. 
Cereal Res Commun 26: 217-224. 
Kilbride C, Poole J, Hutchings TR (2006) A comparison of Cu, Pb, As, Cd, Zn, Fe, Ni and Mn 
determined by acid extraction/ICP-OES and ex situ field portable X-ray fluorescence analyses. Environ 
Pollut 143: 16-23. 
Knaebel DB, Federle TW, McAvoy DC, Vestal JR (1996) Microbial mineralization of organic 
compounds in an acidic agriculture soil: Effects of pre-adsorption to various soil constituents. Environ 
Toxicol Chem 15: 1865-1875. 
Knowles CJ (1976) Microorganisms and cyanide. Bacteriol Rev 40: 652-680. 
Koehler H, Warrelmann J, Frische T, Behrend P, Walter V (2002) In-situ phytoremediation of TNT- 
contaminated soil. Acta Biotechnol 22: 67-80. 
Konetzka WA (1977) Microbiology of metal transformations In: Weinberg ED (ed) Microorganisms and 
Minerals., New York: Marcel Dekker, pp. 317-342. 
Kramer U, Cotter-Howells JD, Charnock JM, Baker AJM, Smith JAC (1996) Free histidine as a metal 
chelator in plants that accumulate nickel. Nature 379: 635-638. 
Kubicek CP, Hannan GE (1998) Trichoderma and Gliocladium: Vol. 1. Basic Biology, Taxonomy and 
Genetics. Vol. 2. Enzymes, biological control and commercial applications. Taylor and Francis, London. 
Kucerova P, Mackova M, Polachova L, Burkhard J, Demnerova K, Pazlarova J, Macek T (1999) 
Correlation of PCB transformation by plant tissue cultures with their morphology and peroxidase 
activity changes. Collect Czech Chem Commun 64: 1497-1509. 
Kuiper I, Lagendijk EL, Bloemberg GV, Lugtenberg JJ (2004) Rhizoremediation: A beneficial plant- 
microbe interaction. Mol Plant Microbe Interact 17: 6-15. 
Kumar TR, Prasad MNV (1999) Metal binding properties of ferritin in Vigna mungo (L) Nepper (black 
gram): possible role in heavy metal detoxification. Bull Environ Contam Toxicol 62: 502-507. 
La DK, Froines JR (1993) Comparison of DNA binding between the carcinogen 2,6-dinitrotoluene and 
its non-carcinogenic analog 2,4-diaminotoluene. Mutat Res 301: 79-85. 
Laha S, Luthy RG (1991) Inhibition of phenanthrene mineralization by non-ionic surfactants in soil- 
water systems. Environ Sci Technol 25: 1920-1930. 
Lewandowski GA, Armenante PM, Pak D (1990) Reactor design for hazardous waste treatment using a 
white rot fungus. Water Res 24: 75-82. 
190 
Li Y, Yediler A, Ou ZQ, Conrad I, Kettrup A (2001) Effects of a non-ionic surfactant (Tween-80) on the 
mineralization, metabolism and uptake of phenanthrene in wheat-solution-lava microcosm. 
Chemosphere 45: 67-75. 
Liste HH, Alexander M (2000) Accumulation of phenanthrene and pyrene in rhizosphere soil. 
Chemosphere 40: 11-14. 
Liste HH Alexander M (2002) Butanol extraction to predict bioavailability of PAHs in soil. 
Chemosphere 46: 1011-1017. 
Liu SL, Luo YM, Cao ZH, Wu LH, Ding KQ, Christie P (2004) Degradation of benzo[a]pyrene in soil 
with arbuscular mycorrhizal alfalfa. Environ Geochem Health 26: 285-293. 
Lo CT, Nelson EB, Harman GE (1996) Biological control of turfgrass diseases with a rhizosphere 
competent strain of Trichoderma harzianum. Plant Dis 80: 736-741. 
Lo CT, Nelson EB, Hayes CK, Harman GE (1998) Ecological studies of transformed Trichoderma 
harzianum strain 1295-22 in the rhizosphere and on the phylloplane of creeping bentgrass. Phytopathol 
88: 129-136. 
Lugtenberg BJJ, de Weger LA, Bennett JW (1991) Microbial stimulation of plant growth and protection 
from disease. Curr Opin Biotechnol2: 457-464. 
Lynch JM (2004) Plant growth promoting agents. In: Bull AT (ed) Microbial diversity and 
bioprospecting, American Society for Microbiology, pp. 391-396. 
Lynch JM Moffat AJ (2005) Bioremediation - prospects for the future application of innovative applied 
biological research. Ann Appl Biol 146: 217-221. 
Lynch JM, Wilson KL, Ousley MA, Whipps 7M (1991) Response of Lettuce to Trichoderma treatment. 
Lett App! Microbiol 12: 59-61. 
Macaskie LE, Dean ACR (1990) Metal-sequestering biochemicals In: Volesky B (ed) Biosorption of 
heavy metals, Boca Raton, FL: CRC Press, pp. 199-248. 
Mackenzie AJ, Starman TW, Windham MT (1995) Enhanced root and shoot growth of Chrysanthemum 
cuttings propagated with the fungus Trichoderma-harzianum. Hortscience 30: 496-498. 
Mackenzie AJ, Ownley BH, Starman TW, Windham MT (2000) Effect of delivery method and 
population size of Trichoderma harzianum on growth response of unrooted chrysanthemum cuttings. 
Can J Microbiol 46: 730-735. 
Maier RM (2000) Bioavailability and its importance to bioremediation. In: Valdes JJ (ed) 
Bioremediation, Kluwer Academic Publishers 2000, pp. 59-78. 
Matsubara M, Lynch JM, De-Leij FAAM (2006) A simple screening procedure for selecting fungi with 
potential for use in the bioremediation of contaminated land Enz Microb Technol In Press. 
May R, Schroder P, Sandermann H (1997) An efficient two-stage model fungal reactor designed to treat 
PAH contaminated soil. Environ Sci Technol 31: 2626-2633. 
Meharg AA, Cairney JWG (2000) Ectomycorrhizas - extending the capabilities of rhizosphere 
remediation? Soil Biol Biochem 32: 1475-1484. 
Met Office Records: Available at: http: //www. metoffice. com/climate/Uk/2005/index. html 
Michels J, Gottschalk G (1994) Inhibition of the lignin peroxidase of Phanerochaete chrysosporium by 
hydroxylamino-dinitrotoluene, an early intermediate in the degradation of 2,4,6-TNT. Appl Environ 
Microbiol 60: 187-194. 
Mihelcic JR, Luthy RG (1991) Sorption and microbial degradation of naphthalene in soil-water 
suspensions under denitrification conditions. Environ Sci Technol 25: 169-177. 
191 
Miller RM (1995) Biosurfactant-facilitated remediation of metal-contaminated soils. Environ Health 
Perspect 103: 59-62. 
Millero FJ, Sohn, ML (1991) Chemical Oceanography, Boca Raton, FL: CRC Press, p. 531 
Morra MJ (1996) Bioremediation in soil. Influence of soil properties on organic contaminants and 
bacteria In: Crawford RL, Crawford DL (eds) Bioremediation Principles and Applications 
(Biotechnology Research Series), Cambridge University Press 1996, pp. 35-60. 
MSI data report - Contaminated Land Treatment UK: 1999. MSI reports available for purchase at: 
http: //www. marketresearch. com 
Mueller JG, Cerniglia CE, Pritchard P (1996) Bioremediation of environments contaminated by 
polycyclic aromatic hydrocarbons. in: Crawford RL, Crawford DL (eds) Bioremediation Principles and 
Applications (Biotechnology Research Series), Cambridge University Press 1996, pp. 125-194. 
Naseby DC, Pascual JA, Lynch JM (2000) Effect of biocontrol strains of Trichoderma on plant growth, 
Pythium ultimum populations, soil microbial communities and soil enzyme activities. J Appl Microbiol 
88: 161-169. 
Mulligan CN (2005) Environmental applications for biosurfactants. Environ Pollut 133: 183-198. 
Nicolotti G, Egli S (1998) Soil contamination by crude oil: impact on the mycorrhizosphere and on 
revegetation potential of forest trees. Environ Pollut 99: 37-43. 
Oliveira RS, Dodd JC, Castro PML (2001) The mycorrhizal status of Phragmites australis in several 
polluted soils and sediments of an industrialised region of Northern Portugal. Mycorrhiza 10: 241-247. 
Ousley MA, Lynch JM, Whipps JM (1993) Effect of Trichoderma on plant growth: a balance between 
toxicity and growth promotion. Microb Ecol 26: 277-285. 
Ousley MA, Lynch JM, Whipps JM (1994a) Potential of Trichoderma spp. as consistent plant growth 
stimulators. Biol Fertil Soils 17: 85-90. 
Ousley MA, Lynch JM, Whipps JM (1994b) The effects of addition of Trichoderma inocula on 
flowering and shoot growth of bedding plants. Sci Hort 59: 147-155. 
Parrish FW (1977) Fungal transformation of 2,4-dinitrotoluene and 2,4,6-trinitrotoluene (TNT). Appl 
Environ Microbiol 34: 232-233. 
Paton GI, Campbell CD, Glover LA, Kilham H (1995) A novel method to assess ecotoxicity using a lux- 
modified strain of Pseudomonas fluorescens. FEMS Microbiol Lett 20: 52-57. 
Patten CL, Glick BR (1996) Bacterial biosynthesis of indole-3-acetic acid Can J Microbiol 42: 207-220. 
Pickard MA, Roman R, Tinoco R, Vazquez-Duhalt R (1999) Polycyclic aromatic hydrocarbon 
metabolism by white rot fungi and oxidation by Coriolopsis gallica UAMH 
8260 laccase. Appl Environ 
Microbiol 65: 3805-3809. 
Pointing SB (2001) Feasibility of bioremediation by white-rot fungi. App Microbiol Biotechnol 
57: 20- 
33. 
Pritchard P (1992) Use of inoculation in bioremediation. Curt Opin Biotechnol 
3: 232-243. 
Ravelet C, Krivobok S, Sage L, Steiman R (2000) Biodegradation of pyrene by sediment fungi. 
Chemosphere 40: 557-563. 
Reczey K, Szengyel Z, Eklund R, Zacchi G (1996) Cellulase production by T. reesei. Bioresour 
Technol 
57: 25-30. 
192 
-- --N 
Reiger P-G, Sinwell V, Preuss A, Franke W, Knackmuss H-J (1999) Hydride-Meisenheimer complex 
formation and protonation as key reactions of 2,4,6-trinitrophenol biodegradation by Rhodococcus 
erythropolis. J Bacteriol 181: 1189-1195. 
Richter DL, Warner JL, Stephens AL (2003) A comparison of mycorrhizal and saprotrophic fungus 
tolerance to creosote in vitro. lnt Biodeterior Biodegrad 51: 195-202. 
Rigot J, Matsumura F (2002) Assessment of the rhizosphere competency and pentachlorophenol- 
metabolizing activity of a pesticide-degrading strain of Trichoderma harzianum introduced into the root 
zone of corn seedlings. J Environ Sci Health, Part B 37: 201-210. 
Roane TM, Pepper IL, Miller RM (1996) Microbial remediation of metals. In: Crawford RL, Crawford 
DL (eds) Bioremediation Principles and Applications (Biotechnology Research Series) Cambridge 
University Press 1996, pp. 312-340. 
Rosenberg E, Ron EZ (1996) Bioremediation of petroleum contamination. In: Crawford RL, Crawford 
DL (eds) Bioremediation Principles and Applications (Biotechnology Research Series), Cambridge 
University Press 1996, pp. 100-124. 
Rudresh DL, Shivaprakash MK, Prasad RD (2005) Effect of combined application of Rhizobium, 
phosphate solubilizing bacterium and Trichoderma spp. on growth, nutrient uptake and yield of chickpea 
(Cicer aritenium L. ) Appl Soil Ecol 28: 139-146. 
Ryslava E, Krejcik Z, Macek T, Novakova H, Denmerova K, Mackova M (2003) Study of PCB 
degradation in real contaminated soil. Fresen Environ Bull 12: 296-301. 
Sackett D, Martin K (1998) EPA Method 6200 and Field Portable X-ray Fluorescence. Pub. 1998 
USEPA, Bedford, MA. ). 
Salt DE, Smith RD, Raskin I (1998) Phytoremediation. Annu Rev Plant Physiol Plant Mol Biol 49: 643- 
668. 
Samson J, Langlois E, Lei J, Piche Y, Chenevert R (1998) Removal of 2,4,6-trinitrotoluene and 2,4- 
dinitrotoluene by fungi (Ceratocystis coerulescens, Lentinus lepideus and Trichoderma harzianum). 
Biotechnol Lett 4: 355-358. 
Saraswathy A, Hallberg R (2002) Degradation of pyrene by indigenous fungi from a former gasworks 
site. FEMS Microbiol Lett 210: 227-232. 
Sayer JA, Gadd GM (1997) Solubilization and transformation of insoluble inorganic metal compounds 
to insoluble metal oxalates byAspergillus niger. Mycol Res 101: 653-661. 
Scheibner K, Hofrichter M, Fritsche W (1997a) Mineralization of 2-amino-4,6-dinitrotoluene by 
manganese peroxidase of the white-rot-fungus Nematolomafrowardii. Biotechnol Lett 
19: 835-839. 
Scheibner K, Hofrichter M, Herre A, Michels J, Fritsche W (1997b) Screening for fungi intensively 
mineralizing 2,4,6-trinitrotoluene. App! Microbiol Biotechnol 47: 452-457. 
Schroder P, Collins C (2002) Conjugating enzymes involved in xenobiotic metabolism of xenobiotics in 
plants. Int J Phytorem 4: 247-265. 
Schwyn S, Neilands JB (1986) Universal chemical assay for the detection and determination of 
siderophores. Anal Biochem 160: 47-56. 
Scribner SL, Bening TR, Sun S, Boyd SA (1992) Desorption and bioavailability of aged simazine 
residues in soils from a continuous corn field. J Environ Qual 21: 115-120. 
Selfinova OV, Burlage R, Barkay T (1993) Bioluminescent sensors for detection of bioavailable Hg(II) 
in the environment. Appl Environ Microbiol 59: 3083-3090. 
Shenker M, Hadar Y, Chen Y (1995) Rapid method for accurate determination of colorless siderophores 
and synthetic chelates. Soil Sci Soc Am J 59: 1612-1618. 
193 
Shor LA, Kosson DS (2000) Bioavailability of organic contaminants in soils. In; Valdes JJ (ed) 
Bioremediation, Kluwer Academic Publishers 2000, pp. 15-43. 
Siciliano SD, Germida JJ, Siciliano SD (1998) Biolog analysis and fatty acid methyl ester profiles indicate that pseudomonad inoculants that promote phytoremediation alter the root-associated microbial 
community of Bromus biebersteinii. Soil Biol Biochem 30: 1717-1723. 
Singleton I (1994) Microbial-metabolism of xenobiotics - fundamental and applied-research J Chem 
Technol Biotechnol 59: 9-23. 
Sivan A, Harman GE (1991) Improved Rhizosphere Competence in a Protoplast Fusion Progeny of 
Trichoderrna harzianum. J Gen Microhiol 137: 23-29. 
Srinath J, Bagyaraj DJ, Satyanarayana BN (2003) Enhanced growth and nutrition of micropropagated 
Ficus benjamina to Glomus mosseae co-inoculated with Trichoderma harzianum and Bacillus 
coagulans. World J Microbiol Biotechnol 19: 69-72. 
Stahl JD, Aust SD (1993) Plasma membrane dependent reduction of 2,4,6-trinitrotoluene by 
Phanerochaete chrysosporium. Biochem Biophys Res Comtnun 192: 471-476. 
Stahl JD, Aust SD (1995) Properties of a transplasma membrane redox system of Phanerochaete- 
chrysosporium. Arch Biochem Biophys 320: 369-374. 
Stapleton MG, Sparks DL, Dentel SK (1994) Sorption of pentachlorophenol to HDTMA clay as a 
function of ionic strength and pH. Environ Sci Technol 28: 2330-2335. 
Stiborova M, Sucha V, Miksanova M, Paca J, Paca J (2003) Hydroxylation of phenol to catechol by 
Candida tropicalis: Involvement of cytochrome P450. Gen Physiol Biophys 22: 167-179. 
Stolpmann H, Lenke H, Warrelmann J, Heuermann E, Fruechtnicht A, Daun G, Knackmuss H-J (1999) 
Bioremediation of TNT-contaminated soil by the TERRANOX® system In: Hinchee RE, Skeen RS, 
Sayles GP (eds) Biological unit processes for hazardous waste treatment. Battelle Press, Columbus, 
Ohio, pp. 283-288. 
Sutherland JB, Selby AL, Freeman JP, Evans FE, Cerniglia CE (1991) Metabolism of phenanthrene by 
Phanerochaete chrysosporium. Appl Environ Microbiol 57: 3310-3316. 
Symbio: www. symbio. co. uk 
Tamura F, Tanabe K, Katayama M (1995) Relationship between water tolerance and cyanide-resistant 
respiration in pear rootstocks. J dap Soc Hortic Sci 64: 47-53. 
Tan EL, Ho CH, Griest WH, Tyndall RL (1992) Mutagenicity of trinitrotoluene and its metabolites 
formed during composting. J Toxicol Environ Health 36: 165-175. 
Tongpim S, Pickard MA (1996) Growth of Rhodococcus Si on anthracene. Can J Microbiol 42: 289- 
294. 
Unterman R (1996) A history of PCB biodegradation. In: Crawford RL, Crawford DL (eds) 
Bioremediation Principles and Applications (Biotechnology Research Series), Cambridge University 
Press 1996, pp. 209-253. 
Valdes JJ (ed. ) (2000) Bioremediation. Kluwer Academic Publishers 2000. 
Van Aken B, Godefroid LM, Peres CM, Naveau H, Agathos SN (1999a) Mineralization of 
14C-ring 
labelled 4-hydroxylamino-2,6-dinitrotoluene by manganese-dependent peroxidase of the white rot 
basidiomycete Phlebia radiates. J Biotechnol 68: 159-169. 
Van Aken B, Hofrichter M, Scheibner K, Hatakka At Naveau H, Agathos SN (1999b) Transformation 
and mineralization of 2,4,6-trinitrotoluene (TNT) by manganese peroxidase 
from the white rot 
basidiomycete Phlebia radiata. Biodegradation 10: 83-91. 
194 
Van Aken B, Cameron MD, Stahl JD, Plumat A, Naveau H, Aust SD, Agathos SN (2000) Glutathione- 
mediated mineralization of' 4C-labeled 2-amino-dinitrotoluene by Mn-dependent peroxidase HS from 
white rot fungus Phanerochaete chrysosporium. Appl Microbiol Biotechnol 54: 659-664. 
Vance DB (2002) What's toxic, what's not. Available at http: //2the4. net/toxic. htm 
Verdin A, Sahraoui ALH, Durand R (2004) Degradation of benzo[a]pyrene by mitosporic fungi and 
extracellular oxidative enzymes. Int Biodeterior Biodegrad 53: 65-70. 
Volkering F, Breure AM, van Andel JG, Rulkens WH (1995) Influence of non-ionic surfactants on bioavailability and biodegradation of polycyclic aromatic hydrocarbons. Appl Environ Microbiol 61: 
1699-1705. 
Wackett LP (1996) Biodegradation of chlorinated aliphatic compounds. In: Crawford RL, Crawford DL 
(eds) Bioremediation Principles and Applications (Biotechnology Research Series), Cambridge 
University Press 1996, pp. 300-311. 
Ward NI (2000) Trace elements In: Fifield FW, Haines PJ (eds) Environmental Analytical Chemistry 
(2n' edition) Blackwell Science, Oxford, pp. 360-392. 
Welch SA, Barker WW, Banfield JF (1999) Microbial extracellular polysaccharides and plagioclase 
dissolution. Geochim. Cosmochim. Acta.. 63: 1405-1419. 
Werner A, Zadworny M, Idzikowska K (2002) Interaction between Laccaria laccata and Trichoderma 
virens in co-culture and in the rhizosphere of Pinus sylvestris grown in vitro. Mycorrhiza 12: 139-145. 
Whipps JM (2001) Microbial interactions and biocontrol in the rhizosphere. J Exp Bot 52: 487-511. 
Windham M, Elad Y, Baker R (1985) Enhanced Plant-Growth Induced by Trichoderma 
Amendments. Phytopathol 75: 1302-1302. 
Widada J, Nojiri H, Omori T (2002) Recent developments in molecular techniques for identification and 
monitoring of xenobiotic-degrading bacteria and their catabolic genes in bioremediation. Appl Microbiol 
Biotechnol 60: 45-59. 
Xu F, Deussen HJW, Lopez B, Lam L, Li KC (2001) Enzymatic and electrochemical oxidation of N- 
hydroxyl compounds - Redox potential, electron-transfer kinetics, and radical stability. Eur J Biochem 
268: 4169-4176. 
Xu SY, Chen YX, Lin Q, Wu WY%, Xue SG, Shen CF (2005) Uptake and accumulation of phenanthrene 
and pyrene in spiked soils by Ryegrass (Lolium perenne L. ). J Environ Sci-China 17: 817-822. 
Yedidia I, Srivastva AK, Kapulnik Y, Chet I (2001) Effect of Trichoderma harzianum on microelement 
concentrations and increased growth of cucumber plants. Plant Soil 235: 235-242. 
Yee DC, Maynard JA, Wood TK (1998) Rhizoremediation of trichloroethylene by a recombinant, root- 
colonizing Pseudomonasfluorescens strain expressing toluene ortho-monooxygenase constitutively. 
Appl Environ Microbiol 64: 112-118. 
Yu XZ, Trapp S, Zhou PH (2005) Phytotoxicity of cyanide to weeping willow trees. Environ Sci Pollut 
Res 12: 109-113. 
Zosim Z, Gutnik D, Rosenberg E (1983) Uranium binding by emulsan and emulsansols. Biotechnol 
Bioeng 25: 1725-1735. 
195 
